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ON   THE   COEFFICENT   OF   EXPANSION   OF 
FUSED    QUARTZ. 

By  Howard  D.  Minchin. 

''T^HE  increasing  use  of  fused  quartz  in  physical  and  chemical 
*  work  and  especially  in  optical  problems  renders  the  accurate 
knowledge  of  its  physical  properties  very  desirable.  Its  extremely 
small  coefficient  of  expansion  adapts  it  to  investigations  in  which 
sudden  changes  of  temperature  are  unavoidable  and  even  greatly  to 
be  desired,  while  its  transparency  and  high  fusing  point  render  it 
peculiarly  suitable  for  the  optical  treatment  of  all  problems  involving 
wide  ranges  of  temperature.  The  study  of  the  thermal  expansion 
of  fused  quartz  has  formed  the  subject  of  numerous  recent  investi- 
gations among  which  may  be  mentioned  those  of  Le  Chatelier/ 
Callendar,*  and  Holbom  and  Henning.^ 

Le  Chatelier  used  a  differential  method,  having  two  prisms  of  the 
same  length,  one  of  fused  quartz  and  the  other  of  porcelain.  The 
latter  was  used  as  the  standard,  its  coefficient  of  expansion  having 
been  determined  by  direct  measurement.  The  two  prisms  were 
placed  in  a  crucible  of  plumbago  set  in  a  bed  of  carbon  which  was 
heated  to  incandescence,  and  the  expansions  were  measured  by  a 
cathetometer  reading  to  o.oi  mm.  The  temperature  was  deter- 
mined by  means  of  an  air  thermometer.  The  mean  coefficient  of 
expansion  of  the  fused  quartz  was  found  to  be  70  x  io~*  between 

iComp.  Rendus,  130,  p.  1703,  I9cx>. 
«Chem.  News,  83,  p.  151,  1901. 
>  Ann.  dcr  Physik,  lo,  p.  446,  1903. 
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the  temperatures  of  o°  and  1000°  C.     A  contraction  was  reported 
as  taking  place  at  about  800°  C. 

Callendar  used  a  rod  of  fused  quartz  about  40  cm.  long,  clamped 
at  one  end,  and  measured  the  expansion  by  means  of  a  micrometer 
microscope  reading  to  0.00 1  mm.,  focussed  upon  the  free  end. 
The  rod  was  heated  by  placing  it  in  a  platinum  tube  carr>ing  an 
electric  current.  The  expansion  of  the  platinum  tube  was  deter- 
mined and  the  temperature  to  which  the  quartz  was  heated  was 
computed  from  the  coefficient  of  expansion  of  platinum.  The  mean 
coefficient  of  expansion  of  the  fused  quartz  between  room  tempera- 
ture and  1000°  C.  was  found  to  be  59  x  io~*.  The  expansion 
was  found  to  be  regular  up  to  1000°  but  from  1000°  to  1400^  C. 
it  increased  rapidly,  and  beyond  1400°  a  contraction  took  place. 

Holborn  and  Henning  used  a  rod  of  the  material  about  52  cm. 
long  and  observed  the  change  in  length  by  means  of  telescopes 
focussed  upon  marks  cut  near  the  ends  of  the  rod.  The  rod  was 
heated  electrically  *  by  placing  it  in  a  porcelain  tube  80  cm.  long 
mounted  horizontally.  Temperature  measurements  were  made  by 
means  of  a  thermoelement,  and  the  temperature  of  the  rod  was  deter- 
mined at  nine  different  points  throughout  its  length.  Observations 
were  made  at  room  temperature,  at  250°,  500°,  750°,  and  1000° 
C.  As  a  mean  of  fourteen  determinations  54  x  lO""*  is  given  as 
the  coefficient  of  expansion. 

The  marked  discrepancy  in  the  results  thus  far  obtained  seemed 
to  justify  a  redetermination  of  this  important  constant,  with  more 
delicate  apparatus  for  measuring  the  expansion  and  especial  devices 
for  maintaining  the  temperature  of  the  expanding  solid  both  uniform 
and  constant. 

Method. 

The  method  used  in  this  investigation  for  measuring  the  coeffi- 
cient of  expansion  is  briefly  as  follows :  A  ring  of  the  fused  quartz 
about  I  cm.  long  is  placed  in  an  electrically  heated  oven  and  the 
expansion  is  determined  by  the  displacement  of  interference  fringes. 
The  higher  temperatures  are  determined  by  means  of  a  thermo- 
element and  the  lower  temperatures  by  means  of  mercury  ther- 
mometers.    The  method  of  determining  the  expansion  by  the  dis- 

1  Ann.  der  Physik,  2,  p.  505,  1900. 
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placement  of  interference  fringes  is  a  modification  of  the  method 
first  employed  by  Fizeau. 

The  fused  quartz  system  (Fig.  i)  is  arranged  for  the  measurement 
of  the  expansion  in  the  manner  first  devised  by  Pulfrich*  and  used 
by  Reimerdes*  and  later  by  Randall.^  The  bed-plate  A  is  of  fused 
quartz  38.4  mm.  in  diameter  and  10  mm.  thick,  and  with  its  two 
faces  ground  approximately  parallel.  Its  upper  surface  is  plane 
polished,  while  the  lower  surface  is  left  rough  and  ground  in  such 
a  way  as  to  leave  three  equidistant  feet  so  that  when  the  plate  is 
mounted  upon  a  level  surface  its  upper  surface  is  horizontal.  The 
piece  of  fused  quartz  Q,  whose  coefficient  of  expansion  was  to  be 
studied,  is  in  the  form  of  a  ring  approximately  9.9  mm.  long,  31.8 
mm.  in  external  diameter,  and  24.4  mm.  internal  diameter.  This 
ring  was  made  from  a  circular  plate 
whose  two  surfaces  have  been  ground 
and  polished  accurately  plane  par- 
allel. From  the  center  of  this  plate 
was  cut  a  cylinder  24.4  mm.  in  diam- 
eter. Each  end  has  been  ground 
away  so  as  to  leave  three  equidistant 
feet  as  shown  in  the  figure.    The  cover-  Fig.  1. 

plate  B,  also  of  fused  quartz,  is  7. 5  mm. 

thick  and  36.0  mm.  in  diameter.  Its  surfaces  are  plane  polished 
and  inclined  to  each  other  at  an  angle  of  about  20  minutes  in  order 
to  avoid  the  disturbing  effect  due  to  the  light  reflected  at  the  upper 
surface.  A  small  plate  C,  not  shown  in  the  figure,  made  from  the 
same  material  as  the  other  pieces  is  approximately  19.8  mm.  in 
diameter  and  about  0.2  mm.  thick.  Its  upper  surface  is  plane  poI~ 
ished  and  its  lower  surface  is  rough  and  ground  away  so  as  to  leave 
three  feet  similar  to  the  arrangement  of  the  bed-plate. 

In  arranging  the  parts  preparatory  to  making  a  series  of  obser- 
vations the  plate  C  is  placed  upon  the  bed-plate  A  and  the  ring  Q 
IS  then  placed  upon  A  symmetrically  about  C.  The  cover-plate  B 
is  next  placed  upon  the  ring  Q,     One  of  the  feet  of  C  was  ground 

>  Zeitschr.  fUr  KrysUll.,  31,  p.  372,  1899. 
'  Inaug.  Diss.,  Jena,  1896. 
•Phys.  Rev.,  20,  p.  10,  1905. 
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off  sufficiently  to  make  the  arigle  included  between  C  and  the  lower 
surface  of  B  of  the  proper  size  to  give  interference  fringes  of  the 
desired  width.  For  the  purpose  of  measurement  the  cover-plate  B 
has  at  the  center  of  its  lower  surface  a  small  fine  circle  and  around 
this  a  number  of  concentric  circles.  The  inner  circle  serves  as  a 
fixed  point  in  the  field  of  view  from  which  measurements  are  made. 
Upon  the  upper  surface  of  -ff  is  a  fine  mark  cut  parallel  to  the  thin 
edge  of  the  plate.  This  mark  is  to  enable  the  operator  to  place  the 
parts  in  the  same  relative  position,  each  time  the  system  is  set  up. 

The  fused  quartz  parts  were  made  from  material  produced  in  the 
smelting  works  of  the  firm  of  Carl  Zeiss,  Jena,  and  the  ring  and 
optical  surfaces  were  also  made  by  Zeiss. 

When  the  apparatus  is  clean  and  properly  adjusted  and  illuminated 
by  monochromatic  light  the  eye  will  see  the  surface  of  the  plate  C 
crossed  by  a  system  of  parallel  interference  fringes.  When  the  illu- 
mination is  produced  by  light  of  different  colors  a  system  of  rain- 
bow colored  fringes  can  be  observed.  Each  dark  band  of  the  fringe 
system  represents  a  definite  thickness  of  the  air  layer  between  B  and 
C,  Let  X  be  the  wave-length  of  the  light  used,  then  the  thickness 
of  the  air  layer  under  any  dark  band  differs  from  the  thickness  under 
the  next  dark  band  on  either  side  by  \k.  When  the  fused  quartz 
system  is  heated  the  ring  Q  expands  and  the  plates  B  and  C  are 
separated  and  the  interference  fringes  move  toward  the  thin  edge  of 
the  included  air  layer.  The  number  of  dark  bands  passing  under 
the  small  reference  circle  on  B  represents  the  change  in  the  thick- 
ness of  the  air  layer  immediately  under  this  circle  and  thus  measures 
the  expansion  of  the  ring  Q  in  terms  of  the  wave-length  of  the  light 
employed.  The  total  expansion  for  any  temperature  interval  {t^  —  /J 
is  /x  ^/2,  where  /is  the  number  of  dark  bands  passing  under  the 
reference  drcle  for  a  temperature  change  from  /,  to  Z^,  and  X  is  the 
wave-length  of  light  used.  We  then  have  the  coefficient  of  expan- 
sion a,  given  by  the  equation 

where  L  is  the  effective  length  of  the  fused  quartz  expanding,  that 
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is,  the  length  of  the  ring  Q,  minus  the  length  of  the  small  plate  C, 
The  spectral  lines  used  for  measurements  were  the  mercury  green 
(^=5  546 /i/i)  and  the  yellow  lines  of  mercury  (^  =  578.8////  and 
X  s=  576.8  ////).  The  hydrogen  red  {X  =  656.2  ////)  was  also  used  for 
some  measurements  but  the  intensity  of  illumination  was  not  satis- 
factory and  its  use  was  abandoned. 

Apparatus. 
The  interferometer  employed  was  an  Abbe-Fizeau  instrument  as 
modified  and  improved  by  Pulfrich,  and  constructed  by  Carl  Zeiss, 
Jena.  The  same  instrument  was  used  by  Randall,^  who  has  given 
a  full  description  with  detailed  directions  for  its  manipulation  in 
connection  with  his  investigation  upon  crystalline  quartz.  As  a 
source  of  light  the  ordinary  H-form  of  Geissler  tube  containing 
hydrogen  and  vapor  of  mercury  was  used. 

The  Supporting  System. 

To  avoid  the  presence  of  metal  in  the  furnace  the  support  for  the 
quartz  system  was  constructed  as 
follows :  Two  rods  FF  (Fig. 
of  Berlin  porcelain,  about  50  cm. 
long,  are  clamped  to  a  metal  block 
-ff,  by  means  of  metal  straps  and 
held  in  position  by  screws.  These 
rods  carry  at  their  lower  ends  a 
porcelain  plate  M.  The  block  E, 
is  made  tapering  in  order  to  admit 
the  interferometer  tube  between  FF, 
and  also  as  an  aid  in  holding  M  in 
place.  The  rods  FF,  are  notched 
at  their  lower  ends  to  fit  into  slots 
cut  in  M  as  shown  in  the  figure. 
This  holds  M  sufficiently  rigid  to 
furnish  a  stable  support  for  the 
optical  system. 

To  mount  the  support  a  threaded  hole  G  (Fig.  2).  is  made  in  the 
center  of  E,  into  which  is   screwed  a  thirteen  millimeter  steel  rod. 

*  Loc.  cit. 
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This  rod  is  held  by  a  right  angled  clamp  to  a  larger  rod  attached 
rigidly  to  the  pier.  This  method  of  mounting  gives  to  the  support 
two  adjustments  for  levelling.  It  may  be  revolved  on  the  rod  at- 
tached to  £  in  a  plane  at  right  angles  to  the  axis  of  the  interfer- 
ometer tube,  and  also  around  the  second  rod  in  the  plane  of  the 
axis  of  the  interferometer  tube.  This  gives  sufficient  freedom  of 
movement  to  permit  of  accurate  adjustment  of  the  interference 
system. 

The  Electric  Furnace. 

The  furnace  consists  of  an  unglazed  porcelain  battery  jar  14.6  cm. 
inside  length  and  6.9  cm.  inside  diameter.  A  thin  sheet  of  chemi- 
cally pure  asbestos  paper  was  wound  around  this  cylinder  and  then 
upon  this  two  coils  of  rolled  platinum  wire  were  wound  with  the 
strands  about  2  mm.  apart.  Fourteen  feet  of  number  20  platinum 
wire  was  used.  This  was  rolled  so  that  its  width  was  about  twice  its 
original  diameter  when  its  length  was  about  28  feet.  The  coils 
were  wound  separately  so  that  either  coil  may  be  used  alone,  both 
coils  may  be  used  in  parallel,  or  the  two  coils  may  be  used  in  series. 
The  plan  of  winding  and  the  connections  are  shown  in  cross-section 
in  Fig.  3.  The  resistance  of  each  coil  at  room  temperature  is  about 
2.5  ohms. 

The  coils  were  covered  with  about  a  half  inch  coating  of  ganister 

made  into  a  mortar.  This  material 
is  a  mixture  of  six  parts  of  white 
sand  and  one  part  of  clay  ground 
together  very  fine.  This  was 
then  covered  by  several  layers  of 
asbestos  paper  with  small  strips 
of  asbestos  between  so  as  to  keep 
the  layers  separated  from  each 
other  for  the  purpose  of  lessening 
the  radiation.  The  asbestos  wind- 
ing was  carried  about  two  inches 
above  the  porcelain  cylinder.  The 
whole  was  then  packed  in  min- 
eral wool,  in  a  sheet-iron  cylinder 
and  mounted  upon  a  table  capable  of  being  raised  or  lowered  by 
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Fig.  3. 
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means  of  a  screw  actuated  by  a  crank.  This  table  was  suffidently 
rigid  to  prevent  any  lateral  displacement  of  the  oven,  or  jarring  of 
the  optical  parts. 

The  cover  was  a  porcelain  plate  similar  to  M,  and  split  through 
the  middle  so  that  it  could  be  put  in  place  when  the  supporting  sys- 
tem was  adjusted  in  the  furnace.  Openings  were  made  in  it  for  the 
thermometers  and  thermoelements  and  also  to  admit  the  light.  The 
arrangement  of  the  cover  is  shown  in  Fig.  4,  where  A  is  the  cen- 
tral opening  about  one  inch  in  diameter  to  admit  the  light,  bb  are 
openings  for  the  thermometers  or  thermoelements,  and  cc  are  the 
openings  for  the  supporting  rods  FF, 

In  order  to  prevent  radiation  through  A  and  yet  not  cut  off  the 
light  a  series  of  air  chambers  was  built  up.     The  opening  A  was 


Fig.  4. 


Fig.  5. 


covered  with  a  thin  sheet  of  mica,  then  a  collar  or  ring  of  glass,  cut 
from  a  glass  tube  about  one  inch  in  diameter,  was  placed  on  the 
mica  and  over  the  opening,  this  ring  was  covered  by  a  second  sheet 
of  mica,  another  glass  collar  added  and  another  covering  of  mica. 
In  this  way  four  air  chambers  were  built  up,  which  served  as  an  ex- 
cellent check  to  radiation  and  did  not  noticeably  diminish  the  illu- 
mination of  the  fringe  system.  A  cross-section  of  the  arrangement 
of  the  air  chambers  is  shown  in  Fig.  5,  where  C  is  the  cover,  M 
the  mica  sheets  and  r  the  glass  collars. 

The  effectiveness  of  the  heat  insulation  was  shown  by  the  fact 
that  the  sheet-iron  cylinder  in  which  the  furnace  was  packed  showed 
but  little  rise  in  temperature  when  the  furnace  was  heated  up  to 
1000°  C.  Two  thermometers  were  hung  above  the  furnace,  one 
close  to  the  supports  FF  and  within  a  few  centimeters  of  the  inte- 
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nor  of  the  furnace,  near  the  air  chambers  above  A^  the  other  just 
outside  of  the  asbestos  packing,  and  these  showed  temperatures 
but  a  few  degrees  above  that  of  the  room  in  each  case.  The 
small  mass  of  the  furnace  renders  it  possible  to  heat  up  very 
quickly  and  at  the  same  time  allows  the  temperature  of  the  interior 
to  follow  very  closely  every  change  in  the  heating  current.  The 
temperature  can  be  held  constant,  to  the  full  limit  of  the  accuracy 
of  the  temperature  measurements,  for  hours  at  a  time.  A  current 
of  5  amperes  is  sufficient  to  heat  up  to  1000°  C.  in  about  two 
hours.  In  order  to  test  the  uniformity  of  the  temperature  within 
the  heated  space  a  series  of  temperature  determinations  was  made 


in  the  different  regions  of  the  furnace.  Two  thermoelements  were 
used  and  so  adjusted  that  the  temperatures  of  two  separate  regions 
of  the  furnace  were  determined  at  the  same  time.  The  temperature 
was  found  to  be  constant  to  within  o°.5  throughout  the  whole  inte- 
rior, no  variation  being  detected  until  the  one  element  was  brought 
within  a  centimeter  of  the  top  of  the  furnace  and  this  variation 
disappeared  when  the  cover  and  insulating  material  had  been  prop- 
erly adjusted. 
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The  apparatus  was  set  up  in  a  basement  room  of  the  Physical 
Laboratory  of  the  University  of  Michigan.  A  brick  pier  served  as 
a  support  for  the  interferometer  and  the  supporting  system.  The 
electric  oven  and  other  devices  were  mounted  upon  the  asphalt 
floor.  In  Fig.  6  is  shown  a  vertical  section  of  the  end  of  the  inter- 
ferometer tube  7\  the  electric  oven  (9,  the  supporting  system  P  and 
the  quartz  system  Q  when  adjusted  for  work. 

During  the  first  part  of  the  investigation  the  direct  current,  at  220 
volts  pressure,  from  the  university  lighting  plant  was  used.  Later 
it  became  necessary  to  use  current  from  the  storage  battery  for 
heating.  This  battery  gave  but  70  volts,  yet  owing  to  the  low  re- 
sistance of  the  coils  of  the  furnace  sufficient  current  was  available 
for  heating  up  to  1000°  C.  or  more,  while  the  extreme  steadiness 
of  the  current  proved  to  be  a  great  advantage  when  it  was  neces- 
sary to  keep  the  temperature  constant  at  any  point  above  the  tem- 
perature of  the  room. 

Table  L  gives  an  idea  of  the  performance  of  the  furnace  and  its 
condition  as  regards  uniformity  and  efficiency  for  the  various  tem- 
perature intervals  worked  over. 

Table  L 


Mean  Cur-           Time  '   Current  Re-      ^*™«^"^°« 

Temperature  Interval  Worked      rent  Used  R-auired  to  quired  to  Hold     Which  the 

Over.                                to  Heat  Heat  Uo  Temperature    Temperature 

Up.        I  ««*^UP-  CoMtant.         was  Held 

'  '  .    Constant. 


Amperes.  Hours.  Min.  1  Amperes.  Hours.  Min. 
Room  teniperatare  to  300°  '  3.0  1  05  2.4  to  2.5  ,  2  20 
**  400  3.0  1  10  3.2  '  2  30 
*«  500  3.5  1  20  3.3  to  3.4  2  50 
"  600  5.0  1  16  3.6  to  3.8  2  00 
'*  700  5.0  1  30  3.9  ,  2  45 
**  800  I  5.0  1  50  4.6  to  4.8  2  20 
^ **              *•  900  '      5.0  2  00  4.5  to  4.6  ,2  00 

In  calibrating  the  thermoelements  mentioned  above,  the  furnace 
was  heated  up  to  1350°  C.  and  it  was  later  heated  up  to  1200®  C. 
on  a  trial  test  for  the  time  required  to  heat  up.  F6r  this  test  5.5 
amperes  were  used  and  the  time  required  to  reach  1 200°  C.  was 
two  hours  and  ten  minutes. 
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Thermometers. 

Four  thermometers  were  used.  For  room  temperatures  a  Peters 
and  Rost  thermometer  reading  to  60°  C.  and  calibrated  in  the 
physical  laboratory  was  used.  For  temperatures  up  to  200°  C. 
two  standard  thermometers,  made  by  Haak  of  Jena,  were  used,  the 
one  graduated  from  —  20*^  C.  to  105 ^^  C,  the  other  from  90°  C.  to 
210"^  C.  These  were  calibrated  at  the  Reichsanstalt.  The  fourth 
thermometer  is  graduated  in  degrees,  having  a  short  scale  at  0°  C- 
and  after  an  enlargement  of  the  bore  the  graduation  extends  from 
195°  C.  to  5  SO*'  C.  This  thermometer  was  also  calibrated  at  the 
Reichsanstalt.  For  temperatures  between  300*^  C.  and  1000°  C.  a 
platinum  platinum-rhodium  thermoelement  was  used.  This  ele- 
ment was  certified  by  the  Reichsanstalt.  As  a  check  on  the  latter  a 
platinum  platinum-iridium  thermoelement,  made  by  myself  and  cali- 
brated in  the  physical  laboratory,  was  used.  As  a  further  check 
both  these  thermoelements  were  compared  with  a  platinum  plati- 
num-rhodium element,  certified  by  the  Reichsanstalt,  and  belong- 
ing to  Professor  E.  D.  Campbell,  director  of  the  chemical  labora- 
tory. 

In  measuring  the  temperature  by  means  of  the  thermoelement  the 
method  used  was  the  compensation  method  described  by  Lindeck 
and  Rothe.^  The  apparatus  was  made  by  Siemens  and  Halske  ac- 
cording to  specifications  of  the  Reichsanstalt. 

The  Spherometer. 

The  spherometer  used  in  measuring  the  fused  quartz  ring  and 
plates  was  one  made  by  the  Geneva  Society  and  reads  to  o.cx)i  mm. 
The  dimensions  of  the  different  parts  of  the  fused  quartz  used  in  the 
computations  were  obtained  by  taking  the  mean  of  several  series  of 
readings.  The  length  of  Q  is  the  mean  of  thirty  readings,  and  the 
length  of  C  is  the  mean  of  twenty -four  readings. 

Adjustment  of  the  Apparatus. 

The  adjustrtient  of  the  interferometer  and  the  Geissler  tube  was 
made  according  to  the  method  described  by  Randall.'     The  support 

*  Zeitschr.  fUr  Instr.,  20,  p.  285,  1900. 
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I 
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P  (Figs.  2  and  6)  was  mounted  independently  upon  rods  clamped 
to  the  pier  and  so  arranged  that  it  could  be  readily  adjusted  for  the 
proper  level.  The  thermoelement  K  (Fig.  7),  was  fastened  to  one 
of  the  supporting  rods  F,  so  that  it  passed  through  one  of  the  open- 
ings of  the  cover  of  the  furnace.  Its  junction  /,  was  placed  within 
about  two  millimeters  of  the  ring  Qy  and  between  A  and  B  as  indi- 
cated in  the  figure. 

In  the  adjustment  of  the  system  great  care  was  necessary  to 
avoid  the  presence  of  dust  or  lint  between  the  surfaces  at  points 
where  contact  was  desired,  there- 
fore each  piece  was  thoroughly 
cleaned  before  being  set  in  place. 
Plate  A  was  placed  centrally  upon 
iWof  the  support,  Cwas  placed  in 
the  center  of  ^,  the  ring  Q  was  then 
placed  symmetrically  around  C, 
and  the  plate  B  placed  on  Q  with 
the  circles  down.  The  support  was 
then  levelled  and  the  optical  system 
adjusted  until  interference  fringes 
were  obtained.  The  different  pieces 
were  marked  to  aid  in  placing  them 
in  the  same  relative  position  at  each 
mounting  of  the  system.  When  the 
fringes  were  erect  and  sufficiently  bright  readings  were  made  upon 
two  adjacent  dark  bands  to  determine  the  width  of  the  fringes.  To 
insure  against  the  presence  of  dust  or  foreign  particles  between  the 
surfaces  in  contact,  the  fused  quartz  system  was  taken  down  and 
remounted  several  times,  the  width  of  the  fringes  being  determined 
each  time.  When  several  successive  determinations  gave  the 
same  band  width  it  was  assumed  that  the  apparatus  was  in  proper 
adjustment  for  work.  The  reference  circle  was  then  adjusted  so 
that  it  was  in  the  center  of  the  field  in  order  that  any  rectification 
of  the  fringes  should  still  leave  them  symmetrically  placed  in  the 
field. 

The  furnace  was  then  raised  until  the  fused  quartz  system  was 
near  the  bottom  and  symmetrically  placed  in  the  interior,  the  cover 
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C,  was  then  put  in  place,  the  air  chambers  built  over  the  opening 
A^  and  the  space  around  these  chambers  packed  with  asbestos  up  to 
the  asbestos  winding  on  the  furnace.  For  the  lower  temperatures 
a  thermometer  was  introduced  in  the  second  opening  b,  and  for  the" 
higher  temperatures  the  second  thermoelement  was  used  in  a  man- 
ner similar  to  the  one  already  described.  The  apparatus  was 
allowed  to  stand  over  night  in  order  to  allow  it  to  acquire  a  station- 
ary temperature.  The  position  of  the  fringes  was  read  and  the 
temperature  and  barometric  pressure  determined.  The  current  was 
then  turned  on  and  the  system  heated  up  to  the  desired  tempera- 
ture. The  current  was  then  adjusted  so  as  to  maintain  this  temper- 
ature constant  and  micrometer  readings  were  made  upon  some  one 
of  the  dark  bands  in  the  field  of  view.  The  temperature  was  kept 
constant  and  at  intervals  of  about  20  minutes  the  position  of  the 
dark  band  selected  was  again  determined.  After  the  temperature 
had  been  held  constant  for  about  an  hour  the  position  of  the  band 
did  not  change.  This  indicated  that  the  system  had  acquired  a 
stationary  temperature.  The  final  readings  on  the  bands  were 
taken  after  the  temperature  had  been  held  constant  for  a  period  of 
not  less  than  two  hours.  In  all  micrometer  readings  made  upon 
the  fringes  a  mean  of  ten  or  more  readings  was  taken.  During  the 
heating  of  the  quartz  the  number  of  dark  bands  passing  the  refer- 
ence circle  were  counted.  When  the  readings  at  the  desired  tem- 
perature had  been  made  the  current  was  shut  off  and  the  system 
was  allowed  to  cool  to  room  temperature  and  another  set  of  readings 
made.  Thus  for  each  temperature  interval  worked  over,  two  separ- 
ate determinations  were  made,  one  from  the  lower  temperature  to 
the  higher  and  a  second  from  the  higher  to  the  lower  temperature. 
In  this  way  separate  determinations  were  made  over  the  tempera- 
ture intervals  between  room  temperature  and  each  of  the  tempera- 
tures 200°,  300°,  400°,  500°,  600°,  700°,  800°,  900°  and  950^ 
C.  After  each  of  the  series  of  readings  i,  2,  5  and  6  given  in  Table 
II.,  the  quartz  was  removed  from  the  furnace,  taken  down, 
remounted  and  the  furnace  again  adjusted  for  the  next  series  of 
readings.  The  quartz  pieces  were  all  carefully  measured  after  the 
heating  was  completed  and  their  lengths  were  found  to  be  the  same 
as  at  the  beginning. 


Nt».  I.)     COEFFICIENT  OF  EXPANSION  OF  FUSED   QUARTZ.  13 

Two  methods  were  used  for  determining  the  number  of  fringes 
displaced,  the  one  by  direct  observation,  the  other  by  computation. 

By  means  of  the  micrometer  attached  to  the  eye-piece  of  the  inter- 
ferometer the  exact  position  of  the  bands  was  determined  and  then 
the  number  of  whole  bands  passing  the  reference  circle  was  counted 
while  the  system  was  being  heated  up  to  the  desired  temperature. 
To  this  whole  number  was  added  the  fraction  of  a  band  by  which 
the  last  dark  band  had  passed  the  reference  circle,  and  from  this 
was  subtracted  the  fraction  of  a  band  by  which  the  first  dark  band 
was  past  when  the  counting  began.  The  total  fringe  displacement 
was  then  given  by  the  formula 

where  M  represents  the  number  of  whole  bands  observed  and  ^^ 
and  d^^  the  fractions  of  a  band  at  temperatures  t^  and  ty  These 
quantities  were  determined  from  the  micrometer  readings.  The 
heating  and  the  expansion  were  so  regular  that  once  having  deter- 
mined the  time  of  passage  of  a  dark  band  it  was  an  easy  matter  to 
check  up  the  result. 

The  method  by  computation  is  that  first  described  by  Abbe.^ 
As  a  change  in  the  temperature  and  pressure  results  in  a  change 
in  the  index  of  refraction  of  the  air  layer  between  the  reflecting  sur- 
faces, a  correction  was  made  upon  the  observed  number  of  fringes 
displaced.  The  correction  was  computed  by  the  following  formula 
given  by  Pulfrich  :  * 


+  ''(^.-^.)7+a7A^-.— 7-63] 


760J 

in  which  K  represents  the  correction,  d  the  thickness  of  the  air 

»\Vicd.  Ann.,  38.  p.  473,  1889. 

«  Zeitschr.  fUr  Instr.,  13,  p.  455,  1893.  While  the  relation  here  assumed  to  exist  be- 
tween the  index  of  refraction  of  a  gas  and  its  temperature  and  pressure,  is  known  to  hold 
for  temperatures  up  to  too^  C.  ,  no  data,  so  far  as  is  known  to  the  writer,  exist  for  the 
behavior  of  a  gas  at  such  temperatures  as  are  reached  in  this  work.  An  investigation  of 
the  validity  of  this  correction  for  temperatures  between  100^  and  900**  C. ,  is  being  made 
by  Dr.  Randall. 
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layer  =  (2  —  C'(Fig.  i),  b^  the  barometric  pressure  observed  at  the 
lower  temperature  /^  b^  the  barometric  pressure  at  the  higher  tem- 
perature /j,  a  the  coefficient  of  expansion  of  air,  iVthe  index  of  re- 
fraction of  air  under  standard  conditions  and  I  the  wave  length  of 
light  used. 

The  Degree  of  Accuracy. 

The  formula  for  the  coefficient  of  expansion 

shows  that  a  is  dependent  upon  the  variables/,  L,  /j,  and  ty  In  the 
expression  f^M-{-  ^j,  —  ^;,  the  ^*s  could  be  determined  with  an 
error  affecting/ by  ±  0.02  of  a  fringe  and  the  resulting  error  in  the 
value  of  a  for  the  larger  temperature  intervals  is  zb  o.i  x  io~®  and 
for  the  smaller  temperature  intervals  it  is  ±0.5  x  io~^  The 
length  of  L  could  be  determined  to  within  ±.  0.00 1  mm.  and  the 
error  in  a  due  to  this  error  is  0.0 1  x  io~^  The  temperature  mea- 
surements made  with  the  thermometers  could  be  determined  with 
an  error  of  zb  o.  I  °  C.  With  the  thermoelement  the  temperature 
could  be  determined  with  an  error  of  zb  0^.5  at  the  lower  tempera- 
tures and  zfc  2°  at  the  higher  temperatures.  The  error  in  a  resulting 
from  the  measurement  of  the  temperature  intervals  is  zb  o.  i  x  io~* 
and  zfc  I.I  X  io~®  respectively.  The  total  effect  of  these  errors 
upon  the  final  result  is  given  by  the  equation 

where  Ej,  Ej^,  and  E^  represent  the  error  in  the  measurement  of  the 
number  of  bands,  the  length  of  the  ring,  and  the  temperature  inter- 
val, respectively.  For  the  shorter  temperature  intervals  at  the 
higher  temperatures,  this  amounts  to  1.6  x  io~*  and  for  the  longer 
intervals  it  is  0.5  x   I0~^     • 

The  series  of  readings  in  Table  II.  were  made  for  the  temperature 
intervals  indicated. 

After  the  above  series  of  readings  were  made  the  apparatus  was 
dismantled  and  the  quartz  system,  the  furnace,  and  the  thermoele- 
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Table  II. 


1 
Date. 

Series. 

Temperature  Interval  Worked  Over. 

_  - 

1 

(I)                             '                         (a) 

1905,  Sept.  2 

**       7| 

1 

Ro^ 

om  temperature  to  200°       1    Back  to  room  temperature. 
»              **            **  300         '       "     **     "             ** 

"       8 

.«40o                * 

-      9 

"500 

**     10 1 

««600 

"     11 1 

"700        1       ' 

"     12, 

«*800        i       « 

-     13 1 

"900 

"     13  i 

"950 

'*     14 1 

2 

"600               « 

**     14  j 

3 

"800        1       * 

"     15 

4        ' 

"300        i       « 

*'     15 

300°          **            "400         1 

«'     15' 

400           '*           "500        1 

u     15! 

500           "            "600        1 

"     15 
"     16' 
"     16 

5 

600           "           "  700 

Room  temperature  to  800° 

800°          "            "  900 

Back  to  room  temperature. 

"     16 

900           "           "  950 

ments  were  taken  to  the  University  of  Rochester  where  the  appar- 
atus was  again  set  up.  A  new  Abbe-Fizeau  interferometer  belong- 
ing to  the  University  of  Rochester  was  used,  and  for  measuring  the 
temperature  an  Otto  Wollf  potentiometer  was  used  in  connection 
with  the  thermoelements  in  place  of  the  compensation  device  of 
Siemens  and  Hakke.     The  series  of  readings  given  in  Table  III. 

were  then  made. 

Table  III. 


Date. 

Series. 

Temperature  Interval  Worked  Over. 

1905. 

(I) 

(a 

Nov.     8 

6 

Room 

temperature  to  300° 

Back  to  room  temperature. 

"    10 

*< 

"  500 

<<             If             tt 

"     11 

n 

u         it  700 

It            tt            tt 

"    22 

t< 

"  900 

tt            tt            tt 

Dec.     5 

7 

(t 

"200 

"    18 

8 

200° 

to             400 

a     19 

400 

to             600 

1906. 

Jan.    16 

600 

to             700 

"    18 

700 

to             800 

i6 
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Example  of  a  Complete  Determination. 

September  7,  1905. 
Length  of  fused  quartz  ring,  9.9009  mm.       Effective  length  of  fused  quartz 
Length  of  fused  quartz  cyl-  expanding,  7.9513  mm. 

inder,  1.9496  mm.       Thickness  of  air  layer,  7.9513  mm. 

Computation  for  one  set  of  readings : 


r  18.4  C. 
:  300«»  C. 


:742.0  mm. 


b^  =  742.6  mm. 
i5«i  =  0.2736         ,    1^  =  0.3981  mm. 

M  observed  ^3,     X  =  0.000546  mm. 

/=  3  -h  0.398  —  0.274  =  3.124. 

ir=  0.385. 

/o  =-  3.124  +  0.385  =  3.509. 

f^  =  number  of  bands  when  correction  is  applied. 


=  43X  io-«. 


Results. 
Table  IV.  contains  the  data  obtained  in  the  physical  laboratory 
of  the  University  of  Michigan.    Table  V.  contains  the  data  obtained 
in  the  physical  laboratory  of  the  University  of  Rochester. 


Table 

IV. 

Series. 

-  — 

Temperature  Interval  Worked  Over. 

Lower  to  Higher.           1           a 

Higher  to  Lower. 

a 

1 

Room  temperature  to  200°   43.2X10 

-8 

Back  to  room  temperature. 

43.3X10~» 

"300     ,43.0        * 

43.2      " 

**400     44.0        * 

44.5       " 

"500     46.0       * 

45.7      " 

"600    '44.0       * 

44.8      " 

"700     44.0       * 

•               « 

44.1      " 

"800     46.0       * 

«               »« 

45.8      " 

"900    |43.0       « 

i               <i 

44.0      " 

"950     44.0 

1 

44.2       " 

2 

**600     46.0       * 

45.7      ** 

3 

"800    I46.O       * 

« 

45.8       " 

4 

"300     44.0       ' 

*     1                                                                         1 

300«           **            "400    I44.O        * 

*    1 

^ 

400            **            **500    146.0        • 

500            «*            -600     45.0       « 

*    i 

600            -            •*700     45.0       ' 

1                                                                         1 

5 

Room  temperature  **  800    ,46.0        * 
800*»          **            "900     44.0 

:' 

900            "            «.  950  -45.0       • 

'  1               1 
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Table  V. 


Series 

Temperature  Interval  Worked  Over. 

Lower  to  Higher. 

« 

Higher  to  Lower. 

a 

^ 

Room  temperature  to  200° 

44.0X10-* 

Back  to  room  temperature. 

44.5X10-^ 

».  500 

46.0       " 

(<      (<     «<             «( 

45.4      " 

«            *<           .«  700 

44.8       •* 

i«      <<     <<             << 

45.2      " 

"            "           ««  900 

45.0       " 

(«      (<     («             << 

45.1      '* 

<<            ((           «i  200 

43.0       - 

7 

200**           "           "  400 

45.0       ** 

8 

400             •*           "600 
600             "           •*  700 
700             "           '^SOO 

44.5       •* 
45.0       " 
46.0       " 

Conditions  for  Observations. 

At  about  400 ^^  C.  the  interior  of  the  furnace  began  to  appear 
bright  and  at  about  500°  C.  it  gave  a  reddish  tint.  This  light, 
however,  did  not  interfere  with  the  readings  upon  the  interference 
fringes.  Between  700°  C.  and  800°  C.  a  band  of  reddish  light  .emitted 
by  the  fused  quartz  appeared  in  the  telescope  of  the  interferometer 
in  the  neighborhood  of  the  hydrogen  red  of  the  Geissler  tube.  At 
about  825°  C.  this  light  became  so  bright  that  it  annulled  the  hydro- 
gen red  in  the  field,  and  above  950®  C.  the  intensity  of  the  light  from 
the  fused  quartz  was  so  great  that  further  readings  were  impossible. 
The  colors  used  in  the  interference  phenomenon  were  the  yellow 
and  the  green  lines  of  mercury,  and  up  to  950*^  C.  the  brilliancy 
and  sharpness  of  the  fringes  due  to  these  lines  were  as  marked  as 
at  the  lower  temperatures.  Even  at  this  high  temperature  there 
was  no  wandering  or  quivering  of  the  fringes,  and  readings  could 
be  taken  as  readily  as  at  the  lower  temperatures.  This  was  due  to 
the  freedom  from  air  currents  and  to  the  perfect  insulation  of  the 
furnace.  In  so  far  as  the  writer  is  aware  interference  fringes  have 
not  been  previously  used  for  measurements  at  temperatures  above 
500°  C. 

In  the  construction  of  the  interferometer  the  light  is  analyzed  by 
a  direct  vision  prism  train  in  the  eye-piece,  and  it  is  possible  that 
some  modification  of  this  set  of  prisms^ght  render  it  possible  to 
extend  the  temperature  limit  at  which  the  fringes  could  be  read  to 
1100°  C.  or  1200®  C.  The  use  of  some  element  in  the  Geissler 
tube  which  would  give  brilliant  lines  in  the  blue  or  violet  would 
certainly  extend  this  range. 
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Comparison  of  Results  with  Those  of  Other  Observers. 
The  results  obtained  in  the  investigations  referred  to  in  the  intro- 
duction are  given  below  together  with  that  obtained  by  the  writer. 


Lc  Chalelier 

soxio-^. 

Callendar 

59X10-«, 

Holborn  and  Henning 

S4X10-», 

Minchin 

45  X  10-». 

It  is  seen  that  the  result  obtained  by  the  writer  is  considerably 
below  the  other  results.  Le  Chatelier  in  his  work  used  the  differ- 
ential method,  using  porcelain  as  his  standard.  He  found  certain 
irregularities  in  the  expansion  of  the  fused  quartz,  but  Callendar 
thinks  it  probable  that  this  was  due  to  the  irregularities  inherent  in 
the  expansion  of  porcelain.  Shenstone  *  says  the  fused  quartz  used 
by  Le  Chatelier  was  probably  impure,  and  Le  Chatelier  himself  ex- 
presses doubt  as  to  its  purity. 

Callendar  placed  a  rod  of  the  fused  quartz  in  a  platinum  tube  and 
clamped  both  at  one  end  and  read  the  expansion  by  means  of  a 
micrometer  microscope  reading  to  o.ooi  mm.  His  method  of  de- 
termining temperatures  was,  to  say  the  least,  indirect  and  liable  to 
error. 

The  value  a=  54  x  lO"^,  given  by  Messrs.  Holborn  and  Hen- 
ning as  the  result  of  their  measurements,  was  a  mean  value  obtained 
from  several  different  ranges  of  temperature.  The  following  table 
contains,  in  the  first  two  columns  the  data  given  by  Holborn  and 
Henning,^  to  which  has  been  added  in  the  third  column  the  corre- 
sponding value  of  a  computed  by  the  writer. 

The  effective  length  of  the  fused  quartz  expanding  was  486.9  mm. 

As  will  be  noted  from  the  table,  the  individual  values  of  a  vary 
considerably,  and  while  several  of  these  values  are  comparable  to 
the  result  obtained  in  this  investigation,  still  the  differences  between 
individual  values  of  the  series  are  sufficiently  large  to  warrant  some 
consideration  of  the  method  employed. 

The  method  used  by  Messrs.  Holborn  and  Henning,  while  offer- 
ing the  seeming  advantage  of  a  great  length  of  the  expanding  sub- 
stance, was  weak  in  that  it  failed  to  secure  uniform  temperature 

1  Nature,  64,  p.  65,  1901. 

*  Ann.  der  Physik,  10,  p.  447,  1903. 
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throughout  the  length  of  the  rod,  the  temperature  of  the  eilds  being 
ten  per  cent,  lower  than  that  of  the  middle.^  It  was  also  found 
necessary  to  correct  for  the  expansion  of  the  supports  of  the  read- 
ing microscopes  and  it  seems  possible  that  the  method  employed 
might  involve  other  errors  due  to  expansion,  which  were  not  en- 
tirely eliminated  by  the  foregoing  correction.  In  discussing  the 
rather  wide  variation  between  their  individual  results,  they  suggest 
that  this  may  possibly  be  due  to  the  irregular  form  of  the  fused 
quartz  rod  under  examination.*  By  means  of  their  apparatus 
Messrs.  Holbom  and  Henning  were  able  to  measure  elongations  to 
0.00 1  mm.,  which  in  a  rod  of  50  cm.  length  would  amount  to  i  part 
in  500,000. 

Table  VI. 


Temperature 

Interval 
Worked  Over. 

Expansion 

for 
Interval  in  m. 

a 

Temperature 

Interval 
Worked  Over. 

Expansion 

for 

Interval  in  ^. 

68.0 

a 

17«»  to  250«» 

54.0 

47.6  X  10-^ 

500«  to  750<> 

55.9  X  10-* 

57.5 

50.7 

It 

62.0 
60.0 

50.9        " 
49.3        " 

54.0 

47.6 

62.5 

51.3 

52.0 

45.8 

16«»  to  750« 

192.5 

53.9        " 

250°  to  500«» 

79.5 

65.3 

750°  to  1000 «» 

66.0 

54.2        " 

74.0 

60.8 

61.0 

50.1 

77.0 

63.3 

The  method  and  the  apparatus  employed  in  the  present  investi- 
gation seem  to  justify  confidence  in  the  results  obtained  for  the  fol- 
lowing important  reasons. 

{a)  Uniformity  of  Temperature  Throughout  the  Expanding  Body. 
—  As  has  been  pointed  out,  the  temperature  of  the  interior  of  the 
electric  furnace  did  not  vary  by  as  much  as  0*^.5  throughout  a  range 
of  about  14  cm.,  and  the  length  of  the  expanding  quartz,  being 
approximately  i  cm.,  the  error  from  inequalities  of  temperature  ia 
its  different  parts   may  be  considered  as  eliminated. 

{K)  Constancy  of  Temperature  During  Measurements,  — The  tem- 
perature of  the  furnace  and  its  contents  was  held  constant  during; 
the  measurements  or  at  least  the  variations  of  temperature  were 

*  Ann.  der  Physik,  2,  p.  507,  1900. 
•Ibid.,  10,  p.  447,  1903. 
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smaller  than  could  be  detected  by  means  of  the  apparatus  employed, 
i,  e,,  the  compensation  apparatus,  furnished  by  Siemens  and  Halske. 
The  use  of  the  current  from  the  storage  battery  contributed  greatly 
to  this  result. 

(c)  Uniformity  and  Homogeneity  of  the  Quartz  Specimen  Exam- 
ined, —  The  quartz  ring  employed,  received  from  the  smelting  works 
of  the  "  Zeiss  Fabrik  "  may  safely  be  assumed  to  be  an  excellent 
sample  of  pure  fused  quartz,  while  its  small  length  and  the  symmetry 
of  its  parts  render  errors  from  any  want  of  symmetry,  or  lack  of  homo- 
geneity extremely  unlikely. 

{d)  Close  Agreement  Between  Temperature  Measured  and  Actual 
Temperature  of  the  Quartz  Ring.  — The  junction  of  the  thermoele- 
ment was  placed  within  two  millimeters  of  the  surface  of  the  quartz 
ring  and  since  the  variation  of  temperature  in  the  interior  of  the  fur- 
nace was  practically  nil,  and  since  the  temperature  of  the  junction 
was  constant  both  before  and  during  the  measurements,  it  may  be 
assumed  that  the  indicated  temperature  was  very  accurately  that  of 
the  expanding  quartz. 

(e)  Variety  of  Temperature  Ranges  and  of  Conditiotis  of  Meastire- 
ment,  —  No  pains  were  spared  to  make  the  variety  of  temperature 
intervals  over  which  the  expansion  could  be  measured  as  great  as 
possible,  in  order  to  detect  any  variation  in  the  rate  of  expansion  of 
the  fused  quartz  within  that  limit,  if  such  variation  existed.  Also 
the  repetition  of  the  measurements,  in  another  laboratory,  and  under 
new  conditions,  and  with  new  instruments  is  thought  to  give  added 
value  to  the  result  obtained. 

(/)  Delicacy  of  Measurements  of  Elongation.  —  With  the  system 
as  finally  arranged  for  measurements,  the  fringe  width  was  equiva- 
lent to  IOC  divisions  of  the  divided  head  of  the  micrometer,  for  this 
rendered  it  possible  to'  measure  displacements  to  one  two-hundredth 
of  a  wave-length.  Hence  elongations  of  double  this  amount,  or 
CO  I  of  a  wave-length  of  the  light  employed,  could  be  measured 
with  ease.  This  gives,  in  the  case  of  the  yellow  light  from  mercury 
vapor,  the  possibility  of  measuring  elongations  of  the  order  of 
0.000578  X  o.oi  =  0.000005  mm.,  and  this  when  used  in  connec- 
tion with  a  length  of  7.9  mm.  of  the  expanding  substance,  amounts 
to  one  part  in  1,500,000. 
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Summary  of  Results. 

I.  In  this  investigation  it  has  been  shown  that  interference 
methods  are  applicable  to  the  measurement  of  minute  lengths  up  to 
950®  C.  when  the  fringes  are  produced  between  surfaces  of  fused 
quartz ;  and  that  up  to  this  temperature  the  clearness  and  the  brilli- 
ancy of  the  fringes  are  as  great  as  at  the  lower  temperatures. 

II.  The  expansion  of  fused  quartz  is  uniform  from  room  temper- 
ature, to  the  highest  temperature  observed.  No  change  in  the 
expansion,  either  as  an  increase  or  a  sudden  decrease,  as  was 
reported  by  Le  Chatelier,  was  observed. 

III.  No  after  effects  due  to  the  heating  were  observed. 

IV.  The  mean  value  of  the  coefficient  of  expansion  of  fused 
quartz,  as  deduced  from  43  determinations,  is 

a  =s  44.9  X  IO-^ 

In  conclusion  the  writer  desires  to  express  his  gratitude  to  Pro- 
fessor Reed,  under  whose  immediate  direction  this  investigation 
was  pursued,  for  the  many  suggestions  offered,  the  kindly  interest 
taken  during  the  progress  of  the  work,  and  for  the  generous  loan 
of  apparatus  with  which  to  pursue  to  completion  the  work  at  the 
University  of  Rochester.  Thanks  are  also  due  to  Dr.  H.  M.  Ran- 
dall for  valuable  suggestion  and  assistance  in  overcoming  experi- 
mental difficulties. 

Physical  Laboratory,  University  of  Michigan, 
Ann  Arbor,  August  10,  1906. 


22  CLARENCE  JC,  STUDLEY.  [Vol.  XXIV. 


ON  THE   MAGNETIC  SUSCEPTIBILITY  AND  TEMPER- 
ATURE COEFFICIENTS  OF  Cu,SO 
AND  MgSO,  solutions. 

By  Clarence  K.  Studley. 

I  HAVE  made  some  relative  determinations  on  the  solutions  of 
the  above  named  salts  by  the  balance  method  as  used  by  Pro- 
fessor Steams  in  his  determination  of  the  magnetic  susceptibility  of 
water/  and  with  practically  the  same  apparatus  used  by  him. 

The  apparatus  consists  of  a  very  sensitive  non-magnetic  balance 
of  a  special  type  designed  by  Helmholtz.  This  was,  of  course, 
enclosed  in  a  glass  case  and  the  whole  surrounded  on  all  but  one 
side  by  a  zinc  box  to  shield  it  from  such  external  agencies  as  light, 
etc.  The  open  side  of  the  zinc  box  is  provided  with  a  black  cur- 
tain, which  is  drawn  over  the  opening  when  an  observation  is  to  be 
made.  A  glass  tube  passes  up  through  a  hole  in  the  bottom  of  the 
balance  case  and  connects  it  with  the  wooden  box,  K^  into  which 
the  pole  pieces,  PP,  of  the  large  electro-magnet,  J/,  project.  This 
being  almost  airtight  the  apparatMS  is  very  effectively  protected  from 
external  air  currents.  To  the  bottom  of  the  balance-pan,  iV,  is  at- 
tached a  silk  cord  which  is  practically  inelastic  for  small  weights  so 
that  the  bottom  of  the  tube,  T',  is  at  a  constant  height  when  the  bal- 
ance is  in  equilibrium.  This  cord  passes  down  through  the  tube,  Q, 
and  terminates  in  a  hook  made  of  copper  wire,  which  is  inserted  into 
the  eyelet  in  the  upper  end  of  the  thermometer,  H.  The  tube,  T^  which 
contains  the  solution  is  fitted  with  a  rubber  cork,  C,  which  is  perfor- 
ated so  as  to  allow  the  thermometer  to  be  passed  through  it  and 
into  the  solution.  By  this  means  the  tube,  T',  is  suspended  between 
the  pole-pieces,  PP.  The  pole-pieces  are  held  apart  a  distance  of 
1.6  cm.  by  a  brass  block,  V,  which  is  hollowed  out  in  the  center  so 
as  to  allow  the  tube,  T,  to  pass  below  the  center  of  the  magnet 
pole.     The  box,  K^  is  fitted  with  a  slide  door,  L  (which  has  a  glass 

>  H.  D.  Steams,  Phys.  Rev.,  Vol.  XVI,,  No.  i,  January,  1902. 
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window,  W),  which  enables  one  to  read  the  thermometer  without 
opening  the  box.  The  electro-magnet  rests  on  a  solid  bench,  X^ 
while  the  balance  is  supported  by  a  solid  plank  whose  ends,  AA^  rest 
on  masonry  piers.     At  the  center  of  the  balance-beam  is  a  mirror 


Fig.  1. 

which  reflects  a  scale  into  a  reading  telescope.  The  scale  and  tele- 
scope are  at  a  distance  of  1.5  meters.  By  this  means  it  is  possible 
to  weigh  accurately  to  y^  of  a  milligram  with  a  20  milligram  rider. 
The  magnetic  susceptibility  (AT)  is  given  by  the  following  formula 
which  may  be  easily  derived  so  it  is  not  deemed  necessary  to  give 
the  theory  at  this  time  : 

K={2gplH'q). 

Where  (^)  is  the  acceleration  of  gravity,  (/)  the  attractive  force  in 
grams  exerted  by  the  magnet  upon  the  cylinder  in  the  direction  of 
its  axis  (repulsion  being  denoted  by  a  (— )  sign  before  the  quantity), 
{q)  is  the  cross-section  of  the  liquid  cylinder,  and  {H^  is  the  hori- 
zontal component  of  the  magnetic  field. 
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Since  only  a  relative  determination  is  desired  we  have  only  to 
measure  the  attraction  (/)  with  a  given  tube  and  constant  current 
The  other  quantities  remain  the  same. 

I  have  used  the  susceptibility  of  water  as  —  .73.  lo*  which  is  the 
value  obtained  by  Professor  Steams.  The  reason  for  my  selection 
is  not  only  because  it  was  determined  under  the  same  conditions  as 
those  under  which  I  have  been  working  but  also  because  since  this 
is  the  mean  value  of  the  determinations  made  by  the  different  inves- 
tigators as  shown  by  the  following  table  I  consider  it  the  best 
determination  yet  made  on  water. 

Table  I. 


Observer. 

K.io*. 

(Jbaerver. 

K.io*. 

Quincke.^ 

-84 

DuBois.* 

-.86 

Henrichsen.' 

-75 

Curie.* 

-.79 

Townsend.* 

-.77 

K5Digsberger.( 

-.80 

Jiger  and  Meyer.* 

-.66 

Farmday.T 

-.69 

Becquerel.^ 

-.63 

Wahner.T 

-.536 

BuBois.T 

-.837 

Steams.* 

-.73 

Mean  value— .741 


The  salts  used  in  these  determinations  were  tested  for  iron  but  as 
no  perceptible  trace  of  it  was  found  it  is  safe  to  say  that  the  per 
cent,  of  iron,  if  there  be  any  present,  is  so  small  as  to  be  inappre- 
ciable. 

The  null  point  was  taken  both  before  and  after  the  reading  for 
the  excited  magnet,  and, if  the  variation  of  these  two  null  points 
from  the  mean  value  is  over  one  per  cent,  the  reading  is  rejected. 
The  residual  magnetism  was  so  slight  that  it  may  be  easily  neglected. 

A  single  rider  whose  mass  was  about  20  mg.  was  used.  As 
only  a  comparative  determination  is  to  be  made  it  is  not  necessary 
to  know  its  mass  accurately. 

1  Wied.  Ann.,  Vol.  XXXV.,  p.  137,  1888. 

aWied.  Ann.,  Vol.  45,  p.  38,  1892. 

•Journal  de  Physique,  p.  206,  1895. 

*Proc.  Roy.  Soc.  London,  LX.,  p,  186,  1896-7. 

« Wied.  Ann.,  Vol.  66,  p.  698,  1898 ;  Drude's  Ann.,  Vol.  VI.,  p.  506,  1901. 

«Wied.  Ann.,  Vol.  LXVII.,  p.  712,  1899 ;  Drude's  Ann.,  Vol.  VI.,  p.  870,    1901. 

TPogg.  Ann.,  Vol.  XXXV. 

•Phys.  Rev.,  Vol.  XVI.,  No.  i,  January,  1903. 
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The  water  used  in  making  the  solution  was  distilled  from  rain 
water  caught  in  a  glass  bottle  after  copious  showers  had  cleansed 
the  tiled  roof. 

Readings  were  taken  only  every  half  hour  so  as  to  be  sure  that 
the  solution  was  in  a  stable  condition. 

I  have  given  one  set  of  data  in  full  so  as  to  give  some  idea  of  the 
various  features  of  the  work.  In  this  I  have  used  the  following 
notation  : 

C,  the  current  in  the  electromagnet 

Rm,  the  number  of  scale  divisions  the  rider  has  been  moved  along 
the  balance  arm  from  the  position  with  zero  current  in  the  electro- 
magnet to  the  position  with  (C)  amperes  current  in  the  magnet 
coil. 

No,  null  point  with  zero  current  in  the  magnet. 

Nt,  null  point  with  current  in  the  magnet. 

Ni,  null  point  after  the  current  has  been  turned  off. 

T,  the  temperature  registered  by  the  thermometer  {H).  (See 
Fig.  I.) 

p,  the  attraction  exerted  by  the  magnet  on  the  tube  {T)  and 
contents. 

4.53  Per  Cent.  CuSO^  Solution, 


c 

Rm 

No 

Nt 

M- 

10 

2.5 

26.7 

29.8 

26.6 

10 

2.5 

26.4 

31.3 

26.9 

10 

2.5 

26.2 

31.3 

26.8 

10 

2.5 

27.7 

31.6 

27.7 

10 

2.5 

31.5 

36.8 

31.8 

10 

2.5 

31.2 

36.4 

31.2 

10 

2.5 

32.6  • 

39.4 

32.8 

10 

2.8 

32.0 

34.0 

32.1 

10 

2.8 

31.9 

34.1 

32.2 

16.7 
17.0 
17.3 
18.0 
19.0 
19.6 
19.9 
20.5 
20.5 


.01044 
.01065 
-.01065 
-.01051 
-.01065 
-.01057 
.01086 
-.01082 
.01084 


From  the  curves  for  empty  tubes  (I.)  and  (II.),  Fig.  2,  it  will  be 
seen  that  glass  has  a  very  high  temperature  coefficient.  This 
causes  a  difference  in  the  value  of  (/),  for  the  tube,  of  .0004  per 
degree  centigrade.  Since  the  limit  of  possible  error  does  not  ex- 
ceed 2.5  per  cent,  the  variations  in  the  above  curves  could  not  be 
due  to  this  cause. 
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The  curves  forthe  4.53,  7.16  and  the  8.94  per  cent.  CuSO^  solu- 
tions, Fig.  3,  lie  so  near  the  origin  that  a  small  error  in  taking  the 
data  would  make  a  great  variation  in  the  final  result.     In  the  7.16 
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per  cent,  solution  the  greatest  variation  is  5  per  cent,  and  in  the  8.94 
per  cent,  solution  it  is  slightly  over  3  per  cent,  but  these  are  easily 
within  the  limit  of  experimental  error.     Hence  I  conclude  that, 
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Fig.  3.    CuSO^  solutions. 

between  the  limits  of  16°  and  21^  C.  there  is  no  temperature  coeffi- 
cient in  CuSO^  solutions.  Whether  this  is  true  or  not  for  a  wider 
range  of  temperatures  remains  to  be  seen. 
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Assuming  K-  lo*  to  be  — .  73  for  water,  I  have  calculated  the 
values  of  this  quantity  for  each  of  the  solutions  used. 

Table  II. 


Per  Cent. 
Solution. 

Specific 
Orevlty. 

A-*  10*  (Measured). 

K'  (Calculated). 

K'  lo*  (Calculated). 

.     7.16 
11.8 
8.94 
4.53 

1,071 
1,117 
1,082 
1,032 

-.084 
.537 
.212 

-.270 

.002 

.476 

.184 

-.266 

.002 

.532 

.199 

-.275 

The  specific  magnetism  {K')  of  CuSO^  is  given  by  the  formula  * : 
K'  =  (io.4)(/yioo)  -  .80(1  -  (/yioo)).* 


Where  P,  is  the  per  cent,  of  water-free  salt  in  the  solution,  and 
K'  =  Kjs  where  K,  is  the  magnetic 
susceptibility  and  s,  the  specific  gravity 
of  the  solution. 

The  above  computations  show  a  very 
good  agreement  except  in  the  case  of 
the  7.16  per  cent  solution. 
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Fig.  4.     MgSO^  solutions. 


MgSO^  Solutions. 

From  the  curves  for  the   MgSO^      I 
solutions,  Fig.  4,  it  can  be  easily  seen      \ 
that  the  greatest  possible  variation  is      i 
much   less   than   2.5    per  cent,  (the 
probable  error).     Hence  I   conclude 
that,  MgSO^  solutions  have  no  tem- 
perature coefficient  for  a  range  of  temperatures  from  16®  to  2i°C. 

The  specific  magnetism  of  MgSO^  is  given  by  the  formula : 

K'^^  A6{Pi  100)  -  .73(1  -(/7100)). 

>Wied.  Ann.,  Vol.  LXVI.,  p.  698,  1898. 

*  Where  IC  io«  is  taken  as  —  .73  the  fonnula  becomes  : 


Ar/  =  9.49(/7i«>)-.73(i-(^/ioo)). 
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Per  Cent. 
Solution. 

Specific 
Gravity. 

K'  io«  (Mefteured). 

A"  (Calculated). 

Ario«(C«lcuUted). 

9.48 

1,089 

-.698 

-.704 

-.767 

21.04 

1,200 

-.823 

-.672 

-.806 

12.40 

1,118 

-.786 

-.696 

-.778 

11.53 

1,109 

-.789 

-.698 

-.774 

8.95 

1,084 

-.780 

-.706 

-.765 

4.73 

1,038 

-.765 

-.717 

-.744 

The  results  show  a  very  good  agreement  of  experimental  and 
calculated  values  except  for  the  9.48  per  cent,  solution.  This  is  no 
doubt  due  to  experimental  error. 

In  reducing  from  the  mirror  scale  to  the  balance  arm  scale  I 
have  used  the  relation,  1.5  divisions  on  the  mirror  scale  equal  .1 
scale  division  on  the  balance  arm  scale. 

What  value  there  may  be  in  this  paper  is  due  very  largely  to  the 
aid  and  suggestions  of  Professors  Sanford  and  Stearns,  of  the 
Physics  Department. 

Stanford  University,  1905. 
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MAGNETIC   SUSCEPTIBILITY   OF   MIXTURES   OF 
SOLUTIONS. 

By  H.  W.  March. 

^  I  ^HE  following  investigation  of  the  magnetic  susceptibility  of 
^  mixtures  of  solutions  of  salts  of  copper,  manganese,  and 
aluminium  was  undertaken  at  the  suggestion  of  Dr.  E.  P.  Adams, 
to  determine  whether  the  susceptibility  of  such  mixtures  is  an  addi- 
tive property. 

A  slight  modification  of  Quincke's  manometric  method,  as 
employed  by  Du  Bois,*  was  used  in  measuring  the  susceptibility. 
A  glass  tube  bent  at  right  angles,  one  arm  having  a  diameter 
of  about  2.5  mm.  and  the  other  a  diameter  of  about  25  mm., 
was  mounted  on  a  support  with  the  long  narrow  arm  pass- 
ing between  the  pole  pieces  of  a  powerful  electromagnet.  The 
narrow  tube  was  inclined  at  an  angle  of  about  30^  to  the  hori- 
zontal. Its  support  consisted  of  a  board  fastened  to  two  standards 
embedded  in  a  brick  pier.  A  hole  was  cut  in  the  board  for  the  ad- 
mission of  the  pole  pieces.  The 
tube  was  held  in  position  on  the 
board  by  two  brass  straps  over 
the  narrow  arm  through  which 
it  slipped,  but  into  which  it  fitted 
snugly.  There  was  thus  no 
difficulty  in  removing  the  tube 
and  returning  it  to  its  former 
position.  A  third  brass  strap 
over  the  wide  arm  of  the  tube 
kept  it  in  place.  The  meniscus  between  the  pole  pieces  was  25  cm. 
from  the  surface  of  the  liquid  in  the  wide  arm. 

The  pole  pieces  had  the  shape  of  a  frustum  of  a  cone.     Their 
diameter  was  3  cm.  and  they  were  i  cm.  apart  during  the  experi- 


Fig. 1. 


>Wicd.  Ann.,  35,  p.  137. 
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ment.  The  field  strength  was  measured  by  means  of  the  change 
in  the  resistance  of  a  bismuth  spiral  placed  beside  the  meniscus. 
The  spiral  was  made  by  Hartmann  and  Braun. 

All  measurements  are  relative,  water  being  taken  as  the  standard. 
Its  susceptibility  is  taken  to  be  —  0.8  x  io~*.  As  the  observations 
on  water  and  the  solutions  were  made  with  nearly  the  same  field 
strengths  as  indicated  by  the  bismuth  spiral,  I  think  any  inac- 
curacy in  the  calibration  of  the  spiral  was  practically  eliminated 
Since  the  measurements  were  referred  to  water  it  was  not  necessary 
to  know  the  inclination  of  the  tube  nor  the  ratio  of  the  cross  sec- 
tions of  its  arms.  The  displacement  of  the  surface  of  the  liquid 
was  measured  by  means  of  a  micrometer  microscope  mounted  ver- 
tically over  the  meniscus  in  the  narrow  tube. 

The  susceptibility  of  a  solution  was  computed  by  the  formula 
whose  derivation  follows : 

Let  a^  =  horizontal  displacement  of  the  meniscus  of 

a  solution. 

H^  =  corresponding  field  strength. 

D^  =z  density  of  the  solution. 

a^,  H^,  D^  =  corresponding  quantities  for  water. 

a  =:  inclination  of  tube  to  horizon. 

n  =  ratio  of  the  cross  section  of  the  narrow  arm 
to  the  cross  section  of  the  wide  arm. 

K^  =  susceptibility  of  the  solution. 

If  a^  denotes  the  difference  in  the  heights  of  the  two  surfaces  of 
the  liquid  under  the  action  of  the  magnetic  field,  we  have  the  rela- 
tion,* 

a^gD=^-H\ 

In  this  case,  a^  =  a  sec  a  (sin  a  +  n), 

'  Du  Bois,  Wied.  Ann.,  35,  p.  144. 
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We  have  then  for  the  solution, 

K^  =  2g  sec  a  (sin  a  +  n)P^  -% . 


And  for  water, 


^«,  =  2^  sec  a(sin  a  +  n)D^  j^^ . 


•■•-■=§l--=&f<--)-'<- 


-« 


On  the  assumption  that  the  susceptibility  is  an  additive  property, 
the  susceptibility  of  a  mixture  of  solutions  is  computed  by  the 
formula, 

In  this  formula 

M^  =  mass  of  first  solution  per  cubic  ^centimeter  of  the  mixture. 

K^  =  the  specific  susceptibility  of  the  first  solution,  u  e,^  the  sus- 
ceptibility per  gram. 

The  susceptibility  of  each  solution  was  found  as  the  result  of  two 
sets  of  observations,  with  field  strengths  of  approximately  8,000 
C.G.S.  units  and  10,000  C.G.S.  units  respectively.  A  set  of  ob- 
servations consisted  of  four  separate  determinations.  Two  deter- 
minations were  made  with  the  storage  battery  current  direct  and 
reversed.  Then  the  connections  of  the  battery  used  in  measuring 
the  resistance  of  the  spiral  were  reversed  to  eliminate  the  effect  of 
thermal  currents,  and  two  more  determinations  were  made.  Two 
zero  readings  were  taken  with  the  micrometer,  one  before  closing 
the  storage  battery  circuit,  and  one  after  opening  it.  I  give  as  an 
example  one  of  the  sets  of  observations  on  water. 

From  a  curve  supplied  with  the  spiral  H  is  taken  as  the  abscissa 
of  a  point  whose  ordinate  Z  is  given  by  the  formula. 

W  "  W 
Z=-^-^— «[i+o.oi4(r-i8)]. 

In  this  case  H  =  9,450  and  {a/H^)io^^  =  13,800.  Frequent  ob- 
servations were  made  on  water  to  determine  the  constancy  of  the 
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apparatus.  The  agreement  of  the  values  of  alH^  was  very  good, 
showing  that  the  tube  maintained  its  constant  inclination  to  the 
horizon. 


Initial 
Resistance. 

Pinal 
Resistance. 

T 
its 

Micrometer  Readings- 

D 

18.92  ohms 

26.53  ohms 

25.536 

13.349 

12.263 

25.689 

R 

18.92 

26.53 

21.6 

25.717 
25.780 

13.443 

12.305 

Small  Battery  Reversed. 


21.7 

25.794 

13.418 

25.810 

21.7    25.788 

13.423 

21.6 

25.750 

12.384 

12.346 
a  =  12.324 


The  results  of  measurements  of  simple  solutions  and  of  mixtures 
of  solutions  are  given  in  Table  I.  The  second  column  gives,  in  the 
case  of  the  original  solutions,  the  mass  of  anhydrous  salt  per  cubic 
centimeter.  This  quantity  was  obtained  by  assuming  that  the 
salts  were  pure  and  that  they  were  represented  by  the  formulas, 
CuCljH-  2H,0,  CuSO,+  sHjO,  AlCl,  +  6H,0,  Al,(SO,)3  +  i8H,0, 
respectively.  Solutions  No.  2  and  No.  13^  were  analyzed  by  my 
friend,  Mr.  L.  H.  Duschak,  Assistant  in  Chemistry,  and  the  values 
given  are  the  results  of  his  analysis.  In  the  case  of  mixtures  the 
composition  was  determined  by  using  a  flask  of  known  volume  and 
weighing  the  amount  of  each  solution  added. 

The  salts  were  purchased  from  Eimer  and  Amend. 

Solutions  No.  4,  No./ 15,  No.  16  and  No.  17  show  considerable 
difference  between  the  observed  and  calculated  values  of  K.  After 
No.  4  stood  about  twenty-four  hours  a  greenish  white  precipi- 
tate formed.  This  was  not  noticeable  when  the  observations 
were  made.  This  precipitate  was  examined  by  Mr.  Duschak  and 
was  found  to  be  a  basic  chloride  of  copper.  There  was  a  slight 
trace  of  aluminium  present.  It  is  interesting  to  note  that  in  the 
case  of  solution  No.  9  which  contained  a  larger  proportion  of  alu- 


Table  I. 


Solution. 

Composition. 

Density. 

Observed. 
A-.io*. 

Specific  Sus- 
ceptibility. 
A-Mo*. 

Calculated. 
K.io*. 

No.    1. 

0.1185  g.  CuQ, 

1.1012 

+0.663 

+0.602 

No.    2. 

0.0126  g.  MnCl, 

1.0085 

+0.780 

+0.773 

No.    3. 

0.1732  g.  Aia, 

1.1362 

-0.862 

-0.759 

No.    4. 

0.6950  g.  No.  1 
0.4191  g.  No.  3 

1.1141 

+0.087 

+0.418 
H).318 

+0.100 

No.    5. 

0.2684  g.  No.  3 
0.7715  g.  No.  2 

1.0399 

+0.402 

-0.204 
+0.596 
+0.392 

No.    6. 

0.8890  g.  No.  2 
0.1302  g.  No.  1 

1.0193 

+0.766 

+0.687 
+0.078 

+0.765 

No.    7. 

0.8196  g.  No.  2 

+0.633 

0.1086  g.  No.  1 

1.0297 

+0.624 

+0.065 

0.1015  g.  No.  3 

-0.077 

+0.621 

No.    8. 

0.3012  g.  No.  2 

+0.233 
-0.604 

0.7967  g.  No.  3 

1.0979 

-0.371 

-0.371 

No.    9. 

0.7112  g.  No.  3 

0.4099  g.  No.  1 

1.1211 

-0.293 

—0.540 
+0.247 
-0.293 

No.  10. 

0.5072  g.  No.  1 
0.5431  g.  No.  2 

1.0502 

+0.730 

+0.305 
+0.420 
+0.725 

No.  11. 

0.2989  g.  No.  1 

+0.180 

0.2001  g.  No.  2 

1.1000 

-0.122 

+0.155 

0.6010  g.  No.  3 

-0.456 

-0.121 

No.  12. 

0.2736  g.Al,(  SO,), 

1.2297 

-0.839 

-0.682 

No.  13* 

0.0174  g.  MnSO, 

1.0145 

+1.016 

+1.002 

No.  m; 

0.1411  g.  CuSO, 

1.1336 

+0.684 

+0.603 

No.  15. 

0.2529  g.  No.  13* 
0.9269  g.  No.  12 

1.1798 

-0.396 

+0.253 
-0.632 

-0.379 

No.  16. 

0.7602  g.  No.  12 
0.4333  g.  No.  14 

1.1935 

-0.280 

-0.519 
+0.261 
-0.258 

No.  17. 

0.5621  g.  No.  14 
0.5123  g.  No.  13* 

1.0744 

+0.837 

+0.339 
+0.514 
+0.853 

No.  18. 

0.3015  g.  No.  14 

+0.182 

0.1461  g.  No.  13* 

1.1753 

-0.199 

+0.146 

0.7277  g.  No.  12 

-0.497 
-0.169 
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minium  chloride  solution,  no  precipitate  formed  and  in  this  case  the 
observed  and  calculated  values  of  K  agreed  very  well.  The  re- 
maining solutions  for  which  there  is  a  considerable  difference  all 
contained  Alj(SOJ3  and  in  all  of  them  a  good  deal  of  aluminium 
hydroxide  was  present.  It  is  to  be  noted  that  when  the  relative 
magnitudes  of  the  quantities  added  together  to  give  the  calculated 
value  of  A' are  taken  into  account  the  discrepancies  are  not  so  serious 
as  they  seem  to  be.  I  think  the  agreement  between  the  observed 
and  calculated  values  of  K  for  the  mixtures  is  sufficiently  good  to 
establish  the  fact  that  the  magnetic  susceptibility  is  additive  for  the 
solutions  examined. 

I  have  calculated  the  specific  susceptibility  of  the  salts  used  and 
have  compared  them  as  far  as  possible  with  the  values  given  in 
Landojt-Bornstein's  Tables.  The  specific  susceptibility  of  a  salt 
was  obtained  by  considering  the  susceptibility  of  a  solution  as  the 
sum  of  the  susceptibilities  of  the  salt  and  water  separately.  The 
method  of  calculation  follows. 

Let  Kl  =  specific  susceptibility  of  anhydrous  salt. 

K  =  susceptibility  of  the  solution. 

nt^  =s  mass  of  anhydrous  salt  per  cubic  centimeter. 

m^  =  mass  of  water  per  cubic  centimeter. 

Then  K  ==  mJCl  +  wj—  0.8  x  lO"*). 

A"+o.8  X  io-*w 


Ar/  = 


tn. 


I  have  also  calculated  the  susceptibility  per  unit  mass  of  metal  in 
the  salt  and  this  quantity  I  have  called  K^,  KJ  is  obtained  by  divid- 
ing KJ  by  the  fraction  which  expresses  the  ratio  between  the  mass 
of  metal  in  the  salt  and  the  mass  of  the  salt.  I  found  in  the  case 
of  MnClj.  MnSO^,  CuClj,  and  CuSO^  that  the  susceptibility  per 
unit  mass  of  metal  was  constant  for  a  given  metal.  I  do  not  think 
that  this  means  that  the  susceptibility  of  a  salt  is  independent  of  the 
acid  radical.  It  seems  more  probable  that  the  effects  upon  the 
susceptibility  of  the  metal,  produced  by  the  two  acid  radicals,  are 
so  nearly  equal  that  no  difference  can  be  detected  by  our  present 
methods   of  measurement.       These  results  agree   with  those   of 
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Townsend/  who  found  that,  for  salts  of  iron,  the  susceptibility  per 
unit  mass  of  iron  was  constant  for  a  given  state  of  chemical  combi- 
nation. The  metals  in  the  salts  I  examined  were  in  the  same  state 
of  chemical  combination.  The  values  of  KJ  and  KJ  are  given  in 
Table  II.  The  values  of  KJ  do  not  agree  in  the  case  of  the  salts 
of  aluminium.  An  analysis  of  the  solutions  containing  these  salts 
may  be  made  later.  It  is  possible  the  salts  were  not  represented  by 
the  formulas,  AICI3  +  6H2O  and  Al2(SOj3  +  iSHp,  respectively. 

Table  II. 


Salt. 

/r.'xio*. 

A-.'Xio*  (Landolt-Bornitein). 

A-^'xio*. 

CuQ,. 

12.23 

12.3  (L.  u.  W.) 
12.6  L.  (J.  K.) 

25.79 

CuSO,. 

10.47 

10.3  (L.  u.  W.) 

10.4  L.  (J.  K.) 

10.5  (Q.) 

26.18 

MnQy 

124.7 

117     (J.  u.  M.) 

127     (Q.) 

122     (L.  u.  W.) 

285.7 

MnSO^. 

104.2 

98.4  (J.  u.  M.) 
114     (Q.) 
100     (L.  u.  W.) 

286.1 

Aia,. 

-0.531 

-2.62 

Al.(SOJ,. 

-0.189 

-1.20 

(L.  u.  W),  Liebknecht  u.  Wills;  (J.  K.),  J.  KOnigsberger ;  (Q.),  Quincke;  (J. 
u.  M. ),  Jaeger  a.  St.  Meyer.  L  standing  after  a  number  means  that  the  susceptibility 
of  air  instead  of  that  of  a  vacuum,  is  taken  to  be  zero. 

G.  Meslin  *  found  a  mixture  of  water  and  alcohol  that  seemed  to 
show  a  greater  specific  susceptibility  than  either  liquid  separately. 
This  mixture  contained  4  parts  of  water  in  100.  He  found  that  for 
absolute  alcohol,  A7=  1.03  x  A!' for  water,  and  that  for  the  4  per 
cent,  mixture  Ar'=  1.045  X  K  for  water.  His  method  was  not 
capable  of  detecting  this  difference  with  certainty  but  he  found  it 
so  many  times  that  he  believed  there  was  a  real  increase  in  the 
susceptibility.  I  thought  it  would  be  interesting  to  repeat  this  ex- 
periment. I  measured  the  susceptibility  of  absolute  alcohol  and 
that  of  mixtures  containing  2  per  cent,  4  per  cent.,  6  per  cent,  and 

»  Phil.  Trans.  1896,  p.  545. 

<  Annales  de  Chlmie  et  de  Physique,  1906,  p.  188. 
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8  per  cent  of  water.  The  alcohol  was  from  E.  R.  Squibb  &  Sons 
and  was  marked  99.8  per  cent.  Table  III.  gives  the  results  of  my 
measurements.  In  the  column  headed  calculated  K  are  given  the 
values  of  K  calculated  on  the  assumption  that  the  susceptibility 
is  additive.  The  same  formula  is  used  as  in  the  case  of  mixtures  of 
salt  solutions.  The  last  column  gives  the  ratio  of  the  specific  sus- 
ceptibility of  the  mixture  to  that  of  water.  These  values  are  given 
to  furnish  a  basis  of  comparison  with  Meslin's  results.  Meslin 
took  the  susceptibility  of  water  to  be  —  0.79  x  lO"*. 

Table  III. 


Density 

„     1  Observed. 

(Reduced 
to  T). 

T 

24?0 

ATXxo* 

Absolute  Alcohol  (99.8%) 

0.7856 

-0.6536 

2.02%  Water 

0.7907 

24.5 

-0.6563 

4.08%      " 

0.7942 

24.7 

-0.6650 

6.21%      " 

0.8048 

20.6 

-0.6602 

8.16%      " 

0.8087 

21.0 

-0.6731 

Absolute  Alcohol  (99.8% ) 

0.7875 

21.6 

-0.6574 

Calcu> 
Ijtted. 
ATXio* 

K'  X  xo« 

-0.8320 

-0.6685 

-0.8330 

-0.6608 

-0.8373 

-0.6690 

-0.8203 

-0.6718 

-0.8323 

-0.8348 

1.04 

1.0375 

1.047 

L025 

1.040 

1.044 


The  water  originally  in  the  alcohol  is  not  included  in  the  per 
cent,  of  water  given  in  the  first  column. 

It  will  be  seen  that  K'  is  greatest  for  the  mixture  containing  4 
per  cent,  of  water.  However  the  difference  between  this  value  of 
K'  and  the  other  values  is  small  and  the  difference  between  the 
observed  and  calculated  values  of  K  is  no  greater  than  is  to  be 
expected. 

In  conclusion  it  appears  that  the  magnetic  susceptibility  of 
the  liquid  mixtures  studied  is  an  additive  property.  The  reason 
for  taking  solutions  of  salts  of  these  particular  metals  was  that 
alloys  in  varying  proportions  of  aluminium,  copper  and  manganese 
have  been  found  by  Heussler  and  others  to  be  strongly  magnetic, 
so  that  the  magnetic  susceptibility  of  these  alloys  is  not  an  additive 
property. 

Throughout  the  progress  of  this  work  I  have  been  indebted  to 
Dr.  E.  P.  Adams  for  much  valuable  advice  and  assistance. 
Physical  Laboratory,  Princeton. 
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A    NEW    TYPE    OF    ALTERNATING    CURRENT    GAL- 
VANOMETER  OF   HIGH   SENSIBILITY. 

By  W.  S.  Franklin  and  L.  A.  Freudenberger. 

THE  alternating  current  galvanometer  to  be  described  is  essen- 
tially a  Kelvin  astatic  galvanometer  modified  so  as  to  be 
suitable  for  alternating  currents. 

BB  are  the  two  deflecting  coils  wound  in  exactly  the  same  manner 
as  the  coils  of  a  Kelvin  instrument,  and  having  a  needle  system  sus- 
pended so  as  to  hang  at  the  centers  of  the  coils. 

The  needle  system  differs  from  the  needle  system  of  a  Kelvin 
galvanometer  in  the  fact  that  the  permanent  magnets  are  replaced 
by  unmagnetized  soft  iron  wires  inclined  45°  to  the  axis  of  suspen- 
sion, CD,  as  shown  in  Fig.  i.  The  plane  of  the  magnets  lies  in 
the  plane  of  the  paper,  as  shown  in  the  above  figure.  The  two 
magnets  and  a  light  mirror  are  fastened  to  a  thin  glass  rod,  as 
shown ;  and  the  whole  system  is  suspended  at  the  centers  of  the 
coils,  BB,  by  a  single  silk  or  quartz  fiber. 

The  coils,  AA,  produce  a  nearly  vertical  field  of  about  10  C.G.S. 
units.     This  field  serves  to  magnetize  the  needle  system  as  shown. 

The  axis  of  the  coils,  A  A,  is  inclined  at  an  angle  of  5°  or  10^  tO' 
the  axis  of  suspension,  producing  a  field  in  the  direction  EF,  This^ 
field,  EF,  may  be  regarded  as  made  up  of  two  components.  One, 
a  strong  vertical  component,  M,  serving  to  magnetize  the  needles  ; 
the  other,  a  weak  horizontal  component,  H,  serving  to  give  a  direc- 
tive tendency  to  the  needle  system. 

In  Fig.  I,  the  arrows,  M  and  //,  indicate  the  directions  of  the 
fields  produced  by  one  half  cycle  of  current,  (that  is,  M  and  If  are 
the  components  of  the  field  EF),  The  needle  system  is  then  mag- 
netized as  shown.  If,  at  this  instant,  the  current  to  be  measured  is 
sent  through  the  coils,  BB,  a  torque  acts  on  the  needle  system 
tending  to  turn  the  magnets  to  a  position  at  right  angles  to  the 
plane  of  the  paper.  The  current  for  the  coils,  BB,  is,  of  course,, 
obtained  from  the  same  source  as  the  current  for  the  coils,  AA, 
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During  the  succeeding  half  cycle  of  alternating  current,  the  field, 
EF,  is  reversed  (thus  reversing  M  and  H  and  the  polarity  of  the 
needle  system) ;  while  the  current  in  the  coils,  BB,  reverses  simul- 
taneously, thus  giving  a  torque  in  the  same  direction  as  before. 

•  It  is  not  necessary  that  the  two  currents,  —  in  the  coils,  A  A  and 
BB, — be  strictly  in  phase  with  each  other.  Where  the  two  cur- 
rents differ  in  phase,  the  tangent  of  the  angle  of  deflection  is  propor- 
tional to  the  cosine  of  the  angle  of  phase  difference. 

It  is  evident  that  the  galvanometer  will  indicate  equally  as  well 
when  the  coils,  AA  and  BB,  are  supplied  by  direct  current,  instead 
of  alternating  current. 

Adjustments. 

I.  The  coils,  AA^  rest  on  leveling  screws  fastened  to  the  base  of 
the  instrument,  so  that  the  axis  of  each  coil  can  be  placed  in  any 
position  (not  differing  greatly  from  the  vertical  direction).  Thus 
the  angle,  COE  (in  the  plane  of  the  paper),  may  be  varied,  thus 
adjusting  the  strength  of  the  horizontal  component,  H,  and  conse- 
quently adjusting  the  strength  of  the  directive  tendency  of  the 
needle  system.     The  angle,  COE,  can  not  be  made  too  small  (small 

value  of  //),  as  the  directive 
tendency  becomes  so  small 
that  the  "zero"  position  is 
unstable.  Throughout  this 
adjustment  the  two  coils,  AA, 
are  kept  parallel  to  each  other. 
2.  To  adjust  the  "zero" 
position  of  the  suspended  sys- 
tem, that  is  to  place  the  mag- 
nets in  the  plane  of  the  paper 
(Fig.  i),  the  angle,  COE(^vl  a 
plane  at  right  angles  to  the 
plane  of  the  paper),  is  varied 
—  for  one  coil  only,  of  the  two  coils,  AA. 

The  two  adjustments  outlined  above  correspond  to  the  adjust- 
ments of  the  "  zero  "  of  an  ordinary  Kelvin  instrument  by  means 
of  a  "  controlling  "  magnet. 
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3.  The  field  produced  by  the  coils,  AA,  induces  small  E.M.F/s 
in  the  coils,  BB,  Further  the  E.M.F/s  induced  in  the  coils,  BB,  are 
opposite  in  sign,  since  the  coils,  BB^  are  connected  in  opposition. 
When  the  galvanometer  is  short-circuited  at  the  reversing  switch, 
"  R,''  there  will  usually  be  sufficient  E.M.F.  induced  in  the  coils,  BB^ 
to  cause  a  deflection  of  a  few  centimeters  (scale  divisions).  It  is 
possible  to  place  the  two  x:oils,  AA^  symmetrically  with  respect  to 
the  field,  EF^  so  that  no  deflection  is  produced  on  short  circuit, 
and  at  the  same  time  satisfy  adjustments  i  and  2  above.  This  ad- 
justment, however,  is  very  tedious  and  can  be  eliminated  by  using 
a  small  transformer  without  iron,  with  a  movable  secondary.  The 
primary  of  the  transformer  is  connected  in  series  with  the  coils,  AA, 
and  the  movable  secondary  in  series  with  the  coils,  BB^  as  shown 
in  Fig.  I.  It  thus  becomes  possible  to  make  each  of  the  three 
adjustments  independently  of  each  other. 

Three  instruments  of  different  resistances,  have  thus  far  been  built 
by  the  writers.  The  first  two  instruments  built,  are  not  as  sensitive, 
however,  as  they  might  be.  The  design  of  a  sensitive  instrument 
is  exactly  the  same  as  the  design  of  a  Kelvin  galvanometer,  1.  e., 
the  coils  {BB')  must  be  wound  to  the  theoretical  shape,*  and  the 
best  size  of  wire  chosen.  This  size  of  wire  lies  in  the  vicinity  of 
No.  36  B  and  S  gauge,  single  silk  covered. 

In  two  of  the  instruments  constructed,  the  sensibility  of  the  coils 
{BB)  was  also  tried  as  an  ordinary  Kelvin  astatic  galvanometer  by 
replacing  the  soft  iron  magnets  with  a  permanent  magnet  suspen- 
sion. From  the  results  of  these  tests,  the  sensibility  of  the  alter- 
nating current  instrument  varies  from  one  third  to  one  sixth  of  the 
sensibility  of  the  same  instrument  as  an  ordinary  Kelvin  galva- 
nometer. 

No  serious  difficulty  was  experienced  from  any  disturbing  effect 
of  the  earth's  field.  The  earth's  field  might  be  eliminated  by  sur- 
rounding the  entire  galvanometer  by  a  massive  iron  cylinder  — 
with  perhaps  a  slight  increase  in  sensibility. 

The  following  are  the  results  of  the  sensibility  tests  of  the  alter- 
nating current  instruments.* 

>  See  Gray's  Absolute  Measurements. 

'The  sensibility  of  the  best  types  of  telephone  receivers  is  about  10-*  amperes.     Re- 
sistance 75  ohms. 
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Instrument  No,  i. 

Coils  {BB)  1 1"  in  diameter. 
Needle  chamber  -^^"  in  diameter. 
Magnets  J"  long. 

Wound  with  No.  36  5  and  S  gauge,  double  silk  covered  wire. 
Resistance,  2,306  ohms. 

Sensibility  =  4  x  io~*  amperes  per  mm.,  with  scale  at  one  meter's 
distance. 

Instrument  No,  2, 

Coils  I  \'  in  diameter. 

Needle  chamber  ^J"  in  diameter. 

Magnets  J"  long. 

Wound  with  No.  20  B  and  5  gauge,  single  cotton  covered  wire. 

Resistance,  1.75  ohms. 

Sensibility  =  6  x  io~'  amperes  per  mm.  per  meter. 

Instrument  No,  j. 

Coils  I"  in  diameter. 

Needle  chamber  ^^g"  in  diameter. 

Magnets  made  of  a  single  10  mil  iron  wire,  \  long. 

Wound  with  No.  33  5  and  5  gauge,  single  silk  covered  wire. 

Resistance,  21  ohms. 

Sensibility,  6  x  io~^  amperes  per  mm.  per  meter. 

The  sensibilities  of  the  above  instruments  as  ordinary  Kelvin  gal- 
vanometers, are 

No.  I.   1.4  X  io~'  amperes  per  mm.  per  meter. 

No.  2. 

No.  3.   i.o  X  lO""'  amperes  per  mm.  per  meter. 

A  Kelvin  galvanometer  has  since  been  built  by  Mr.  McFarlin,  a 
student  at  Delaware  College,  with  a  sensibility  of  i.o  x  io~*  am- 
peres per  mm.  per  meter ;  coils  i"  in  diameter,  needle  chamber  ^" 
in  diameter.  Magnets  \'^  long.  Wound  with  No.  36  j5  and  S 
gauge,  single  silk  covered  wire.  Resistance,  100  ohms.  This  in- 
strument has  the  same  sensibility  as  No.  i,  with  only  100  ohms 
resistance,  as  against  2,306  ohms  for  No.  i.  The  coils  of  No.  i 
departed  rather  widely  from  the  theoretical  shape. 
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A  slight  gain  in  sensibility  may,  of  course,  be  obtained  by  prop- 
erly grading  the  wire  of  the  coils  ;  but  the  gain  hardly  warrants  the 
difficulties  of  winding. 

The  above  alternating  current  galvanometer  was  developed  to 
meet  the  demand  for  a  sensitive  alternating  current  instrument  re- 
quired for  a  new  method  for  measuring  electrolytic  resistances  — 
the  subject  of  a  grant  made  by  the  Carnegie  Institution  of  Wash- 
ington. 

South  Bethlehem,  Pa., 
July.  II,  1906. 
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THE  VAPOR   PRESSURE   OF   CARBONIC   ACID   AT 
LOW   TEMPERATURES. 

By  John  Zeleny  and  Roy  H.  Smith. 

I.  Carbonic  acid  is  remarkable  for  having  a  relatively  high  vapor 
pressure  when  in  the  solid  state.  At  its  melting  point  this  pressure 
is  greater  than  five  atmospheres.  The  boiling  or  sublimation  point, 
where  the  vapor  pressure  is  equal  to  that  of  one  atmosphere,  is 
therefore  considerably  (over  20°  C.)  lower  than  the  melting  point. 
The  vapor  pressures  of  carbonic  acid,  between  0°  C.  and  the 
boiling  point,  have  been  measured  by  several  observers  but  the  re- 
sults are  not  in  good  agreement.^  For  tem- 
^  M  peratures  below  the  boiling  point,  we  know  of 

[L  ^         tr        but  one  set  of  observations.* 

I  ^iJi  ^^^  determinations  described  in  this  paper 

C  r    (\       ^  IF  extend  over   the  range  from  —  7°  C.  to  the 

^"  ^  ^"^  lowest  temperature  at  which  the  pressure  is 

appreciable. 

2.  The  apparatus  used  for  making  the 
measurements  is  represented  diagrammatically 
in  Fig.  I. 

The  solid  carbonic  acid,  C,  was  contained  in 
the  glass  tube,  A,  whose  Iqwer  end  was  im- 
mersed in  pentane  in  the  glass  tube,  D,  The 
temperatures  were  measured  by  the  thermo- 
electric couple,  7",  one  of  whose  junctions  was 
placed  near  to  the  carbonic  acid  tube  while 
the  other  was  kept  in  ice. 

The  pentane  was  agitated  vigorously  by  means  of  the  stirrer,  5, 
which  was  operated  by  a  water  motor,  and  under  these  conditions 

iSee  M.  Faraday,  Phil.  Trans.,   1845,  p.  155.      Kuencn  and  Robson,  Phil.  Mag. 
(6),  3,  p.  149. 

«  Du  Bois  and  Wills,  Beibl.  zu  dea  Ann.  der  Physik,  24,  p.  428. 
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it  was  found  that  the  junction  indicated  the  same  temperature  in  all 
parts  of  the  bath. 

The  pentane  bath  was  brought  to  any  desired  temperature  by 
means  of  the  liquid  air  contained  in  the  Dewar  vessel,  F.  The 
stand,  £,  which  carried  this  vessel  was  arranged  so  that  it  could  be 
moved  vertically  by  the  slow-motion  screw,  Y.  By  watching  the 
temperature  as  indicated  by  the  deflection  of  a  galvanometer  and 
carefully  moving  this  screw,  the  temperature  of  the  pentane  could 
be  maintained  at  a  constant  value  to  o^.i  C.  for  considerable 
periods  of  time,  which  enabled  all  of  the  contents  to  assume  a  com- 
mon temperature  before  a  reading  was  taken.  A  metal  cylinder, 
//",  was  fastened  to  the  lower  end  of  the  tube,  Z?,  and  dipped  into 
the  liquid  air.  This  was  a  great  aid  in  maintaining  some  of  the 
temperatures  as  it  made  the  changes  produced  by  moving  the 
liquid  air  vessel  more  gradual  and  uniform. 

Two  different  arrangements  of  the  apparatus  were  used,  one  for 
the  low  pressures  and  one  for  the  high  pressures. 

3.  For  the  low  pressures,  the  tube.  A,  having  a  diameter  of  i 
cm.,  was  connected  by  a  glass  tube  to  the  open  mercury  manom- 
eter, P.  Pressures  up  to  three  atmospheres  could  be  measured  by 
this  manometer,  the  readings  being  taken  with  the  aid  of  a  simple 
cathetometer  together  with  the  reading  of  the  barometer. 

The  apparatus  was  filled  with  pure  carbonic  acid  in  the  following 
manner.  A  small  glass  tube  was  introduced  into  the  tube,  A^ 
through  the  open  end,  B,  and  fastened  to  it  by  rubber  tubing. 
Carbonic  acid  from  a  cylinder  of  commercial  liquid  carbonic  acid 
was  allowed  to  flow  into  A  through  this  tube,  and  passed  out 
through  the  gauge,  P,  from  which  nearly  all  of  the  mercury  had 
been  removed  previously.  After  the  air  had  been  displaced  the 
lower  end  of  the  tube,  Ay  was  introduced  into  a  flask  of  liquid 
air.  The  carbonic  acid  coming  from  the  jet  froze  at  the  bottom  of 
the  tube  while  the  air  mixed  with  it  passed  out.  The  tube.  A,  was 
lowered  little  by  little  until  it  was  filled  with  solid  carbonic  acid  for 
about  two  thirds  of  its  total  length.  The  tube  was  then  partly 
raised  from  the  liquid  air  and  after  the  temperature  had  risen  so 
that  the  pressure  inside  was  greater  than  an  atmosphere,  the  end, 
B,  was  hermetically  sealed  with  a  blow-pipe,  the  auxiliary  glass 
tube  having  been  withdrawn  previously. 
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The  solid  carbonic  add  was  then  allowed  to  vaporize  from  the 
top  and  to  pass  out  through  the  gauge  until  a  length  of  about  3 
cm.  only  was  left.  The  gas  coming  out  of  the  open  gauge  was 
tested  several  times  and  found  to  contain  only  about  one  fortieth 
of  I  per  cent,  of  impurities,  although  the  original  carbonic  acid  had 
1.7  per  cent.  The  tube,  A,  was  now  introduced  into  the  cooled 
pentane  bath  and  the  taking  of  observations  begun. 

4.  The  tube,  Q,  was  used  for  the  higher  pressures.  This  was 
25  cm.  long  and  had  an  outside  diameter  of  6  mm.  and  an  inside 
one  of  4.5  mm.  It  was  joined  to  the  closed  air  gauge,  F,  by  means 
of  the  brass  coupling,  R,  into  which  the  two  parts  were  sealed  with 
cement.  Apparatus  made  entirely  of  glass,  with  the  gauge  sealed 
in  as  a  side  joint,  was  first  tried  but  in  all  except  one  case  the  whole 
exploded  with  considerable  violence  after  the  pressure  had  increased 
to  about  60  atmospheres. 

The  tube,  Q^  was  nearly  filled  with  solid  carbonic  acid  in  the 
manner  described  in  the  previous  section.  The  gauge,  V,  was  then 
partly  screwed  on  and  its  mercury  thread  was  forced  down*  to  the 
open  end  of  its  tube.  The  vaporized  carbonic  acid  escaped  through 
the  loose  joint  of  the  brass  coupling  and  the  apparatus  was  thus 
cleared  of  air.  When  all  but  a  small  portion  of  the  solid  carbonic 
acid  had  disappeared,  the  coupling  was  screwed  tight  against  a 
leather  washer  by  two  powerful  wrenches.  The  joint  thus  made 
was  practically  perfect  as  no  leakage  was  ever  detected  after  stand- 
ing several  days.  The  amount  of  carbonic  acid  left  in  the  tube  was 
such  that  liquid  began  to  form  in  the  tube  when  it  was  cooled  a 
few  degrees  below  0°  C. 

The  gauge,  F,  was  filled  with  dry  air,  having  a  length  of  69  cm. 
at  atmospheric  pressure.  The  tube  was  1.2  mm.  in  diameter  and 
was  carefully  calibrated.  The  liquid  carbonic  acid  underwent  so 
much  supercooling  that  it  usually  froze  so  explosively  as  to  shatter 
the  mercury  thread  in  the  gauge.  This  difficulty  was  overcome  by 
having  a  1 5  cm.  length  of  thermometer  tubing,  U,  with  an  enlarge- 
ment blown  at  its  center,  placed  between  the  gauge  proper  and  the 
brass  coupling. 

The  readings  of  the  gauge  were  corrected  for  inequality  of  the 
bore,  for  temperature,  and  for  deviations  from  Boyle's  law.     The 
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last  corrections  were  obtained  by  interpolation  from  Amagat's 
values.^ 

5.  The  thermo-electric  couple  used  for  measuring  the  tempera- 
tures was  made  of  nickel  and  iron.  These  metals  were  chosen 
because  their  thermo-electric  power  changes  less  with  temperature 
than  for  most  metals  so  that  the  calibration  of  the  couple  does  not 
necessitate  the  use  of  so  many  temperatures.  The  readings  were 
taken  with  a  d'Arsonval  galvanometer,  the  deflections  being 
brought  to  zero  aperiodically  after  each  reading  so  as  to  obtain  the 
correct  zero  point. 

The  couple  was  calibrated  by  determining  the  deflections  for  six 
known  temperatures. 

The  temperatures  used,  besides  that  of  0°  C,  were  obtained  as 
follows : 

{a)  A  pentane  bath,  stirred  vigorously,  was  maintained  at  a 
constant  temperature  whose  value  was  read  by  a  calibrated  ther- 
mometer as  —  29^.2  C. 

(ff)  The  temperature  of  a  thick  mixture  of  carbonic  acid  snow 
and  ether  was  taken  as  —  78°. 77  C.^  for  the  barometric  pressure 
73.5  cm. 

(c)  The  boiling  point  of  ethylene,  for  the  barometric  pressure 
74.0  cm.  was  taken  as  —  103^.9  C.* 

{d)  The  freezing  point  of  ethylene  was  used  as  — •  169°  C* 

(^)  The  temperature  of  liquid  air  was  determined  from  its  density.* 

This  was  conveniently  measured  with  sufficient  accuracy  by 
weighing  a  small  mouthed,  600  c.c.  Dewar  flask  filled  with  the 
liquid  up  to  a  fixed  point  for  which  the  volume  had  been  deter- 
mined and  reduced  to  the  temperature  of  liquid  air. 

The  galvanometer  deflections  obtained  with  the  above  tempera- 
tures were  plotted  on  a  large  scale  and  the  curve,  drawn  through 
the  points,  was  then  used  for  getting  the  temperature  correspond- 
ing to  any  deflection. 

The  galvanometer  had  a  large  resistance  of  manganin  wire  in 

iCompt.  Rend.,  1884,  p.  1153. 

•  J.  Zeleny  and  A.  Zeleny,  this  volume. 

•Travers,  Study  of  Gases,  p.  243.     (Wroblewski,  Witkowski,  Ramsey  and  Travers. ) 

*K.  Olzewski,  WIed.  Annalen  (37),  p.  337. 

^Behn  and  KiebiU,  Anna!,  der  Pbysik.  (4),  12,  p.  425. 
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series  with  it,  in  order  to  diminish  the  errors,  due  to  changes  of  the 
room  temperature,  to  a  negligible  quantity. 

6.  The  final  observations  were  made  on  several  days  and  over  a 
hundred  readings  were  taken.  The  corrected  results  were  then 
plotted  all  together  on  a  large  scale  and  those  for  the  lower  pres- 
sures were  also  plotted  separately  on  a  still  larger  scale.  The  re- 
sults agreed  well  among  themselves  not  only  with  either  form  of 
apparatus  but  also  where  the  readings  for  the  two  forms  overlapped. 

The  curves  drawn  through  the  plotted  points  were  then  used  to 
find  the  vapor  pressure  corresponding  to  any  temperature. 

The  results  obtained  in  this  way  are  given  in  columns  II.  and 
III.  of  the  following  tables. 

Table  I. 


Vapor  Pressures  of 

Liquid  Carbonic  Acid. 

Temperature. 

Vapor  Pressure  in 
Atmospheres. 

Vapor  Pressure  in 

K.  and  R.  Meters 

OQ. 

Meters  of  Mercury. 

of  Mercury. 

-  7 

27.80 

21.13 

-10 

25.83 

19.63 

19.8 

-12 

24.50 

18.62 

-15 

22.46 

17.07 

17.0 

-18 

20.65 

15.69 

-20 

19.52 

14.83 

14.7 

-22 

18.33 

13.93 

-25 

16.74 

12.72 

12.5 

-28 

15.10 

11.48 

-30 

14.21 

10.80 

10.6 

-32 

13.30 

10.11 

-35 

11.92 

9.06 

8.97 

-38 

10.67 

8.11 

-40 

9.88 

7.51 

7.46 

-42 

9.18 

6.98 

-44 

8.53 

6.48 

-46 

7.89 

6.00 

-48 

7.30 

5.55 

-50 

6.73 

5.115 

5.02 

-52 

6.18 

4.70 

-54 

5.66 

4.31 

-56 

5.19 

3.945 

-56.4 

5.11 

3.911  Triple  Point. 

-58 

4.75 

3.610  Supercooled. 

-60 

4.35 

3.306 

3.27 

-62 

3.% 

3.01             " 

-64 

3.58 

2.721           " 

-65.5 

3.30 

2.508 
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Table  II. 

Vapor  Pressures  of  Solid  Carbonic  Acid, 


Tempermture. 

Vapor  Pressure 
in  Atmospheres. 

Vspor  Pressure  In 

K.  and  R. 

OC. 

Centimeters  of  Mercury. 

-  56.4 

5.11 

391 

-  57 

4.85 

368.5 

-  58 

4.51 

343 

-59 

4.20 

319 

-60 

3.92 

298 

302 

-  61 

3.67 

279 

-  62 

3.43 

260.5 

-63 

3.20 

243 

-  64 

2.98 

226.5 

-65 

2.78 

210 

211 

-  66 

2.59 

195.5 

-68 

2.21 

168 

-  70 

1.88 

144 

143 

-  72 

1.638 

124.0 

-74 

1.395 

106.0 

-  75 

1.283 
1.102 

97.5 
83.9 

97 

D.  end  W. 

Z.  end  Z. 

-77 

88.5 

84.0 

-78.2 

1.00 

76 

-80 

65.7 

66.6 

-  82 

55,8 

57.0 

-84 

47.3 

48.4 

-  85 

43.5                         51.0 

44.6 

-86 

40.0 

41.2 

-88 

34.0 

35.0 

-90 

28.8 

29.2 

-  92 

24.1                                      '       24.4 

-  94 

20.2                                      1       20.4 

-% 

17.0 

16.8 

-  98 

14.1 

1       13.9 

-100 

11.9 

11.3 

-102 

9.9                         11.0               9.2 

-104 

8.0                                               7.4 

-106 

6.4 

6.0 

-108 

5.3 

4.9 

-110 

4.3 

4.0 

-112 

3.4                           4.0       ,         3.25 

-114 

2.7 

2.7 

-116 

2.2 

-118 

1.8 

-120 

1.4 

-122 

1.1 

-124 

.8 

.5 

-126 

.6 

1 

-128 

.45                                     1 

-130 

.25                 1 

-132 

.15                 ,                   1 

-134 

. 

.1                  1                   1 

48  JOHN  ZELEAY  AND  ROY  H.  SMITH,  [Vol.  XXIV. 

The  values  in  the  column  marked  K.  and  R,  are  those  given  by 
Kuenen  and  Robson.^  Considering  the  different  methods  used  in 
making  the  determinations  the  results  are  seen  to  be  in  fair  agree- 
ment with  the  corresponding  ones  here  obtained.  The  values 
under  D,  and  W,  are  those  obtained  by  du  Bois  and  Wills  ^  for  the 
temperature  of  carbonic  acid  snow  at  different  pressures.  Their 
values  are  in  general  higher  than  those  obtained  by  us.  The  value 
of  the  boiling  point  given  by  them  is  —  79^.2  C,  which  is  1°  lower 
than  that  given  in  our  tables.  By  raising  ail  of  their  temperatures 
I  °,  the  two  sets  of  results  are  brought  into  much  better  agreement. 

In  the  last  column  of  Table  II.,  under  Z.  and  Z.,  are  added  the 
values  recently  obtained  in  this  laboratory  ^  for  the  temperatures  of 
carbonic  acid  snow  and  its  mixtures  with  ether  and  alcohol  when 
these  are  maintained  under  different  pressures.  They  differ  but  little 
from  these  determinations. 

7.  It  was  noticed  that  the  amount  of  impurity  in  the  low  pres- 
sure apparatus  increased  somewhat  during  a  set  of  observations* 
This  was  inferred  from  the  value  of  the  pressure  for  the  temperature 
of  liquid  air,  which  at  the  start  was  practically  zero,  but  which 
towards  the  end  of  a  set  of  observations  had  increased  to  more  than 
o.  I  cm.  The  supposed  reason  for  this  is  that  the  solid  carbonic 
acid  contained  a  trace  of  absorbed  air.  When  the  pressure  of  the 
vapor  was  increased  to  two  or  three  atmospheres  some  of  the  solid 
vaporized,  freeing  the  absorbed  air.  On  recooling  the  tube,  the 
carbonic  acid  was  condensed,  but  the  air  was  nearly  all  left  free  in 
the  tube.  By  repeated  heating  and  cooling  of  the  tube  the  amount 
of  impurity  was  increased  in  this  way.  The  value  of  the  pressure 
for  the  temperature  of  liquid  air  was  reduced  to  zero  again  by 
allowing  the  accumulated  gas  to  bubble  out  through  the  manometer. 
In  any  case  the  value  of  the  pressure  obtained  for  the  temperature 
of  liquid  air  was  subtracted  from  the  other  readings  taken. 

The  triple  point  was  determined  in  the  following  way.  The 
frozen  carbonic  acid  in  the  high  pressure  apparatus  was  warmed 
slowly  and  the  pressure  noted   as  it  gradually  increased.     When 

'  Loc.  cil. 
*Loc.  cit. 
'J.  Zeleny  and  A.  Zeleny,  loc.  cit 
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the  carbonic  acid  began  to  melt  the  pressure  became  constant  and 
remained  so  for  some  time,  so  that  its  value  could  be  determined 
with  precision.  It  was  found  to  be  5.11  atmospheres.  The  tem- 
perature of  the  triple  point  was  determined  from  the  temperature- 
pressure  curve  for  the  liquid  carbonic  acid,  by  finding  the  tempera- 
ture corresponding  to  this  pressure  of  5. 1 1  atmospheres.  The  value 
was  found  to  be  —  56^.4  C. 

The  corresponding  values  obtained  by  Kuenen  and  Robson  are 
5.10  atmospheres  and  —  56^.2  C.  and  those  obtained  by  Villard 
and  Jarry*  are  5.1  atmospheres  and  —  56^.7  C. 

By  means  of  the  formula  for  the  latent  heat  of  evaporation, 

Kuenen  and  Robson  ^  calculated  the  value  of  the  latent  heat  at  the 
boiling  point  to  be  121  calories,  by  taking  355  as  the  specific  vol- 
ume of  the  vapor  of  carbonic  acid  at  the  boiling  point  and  using  for 
dpjdT,  5.5  cm.  per  1°  C,  the  value  obtained  by  du  Bois  and 
Wills.^  This  result  is  much  smaller  than  the  experimental  values 
obtained  by  Behn*  (142.4  calories)  and  by  Favre  and  Silbermann* 
(142.2  calories).  The  value  of  dpjdT  obtained  from  our  curves 
is  6.35  cm.  per  i®  C,  and  using  this  number  the  value  of  L  be- 
comes 140  calories,  which  is  in  very  good  agreement  with  the  ex- 
perimental results. 

Physical  Laboratory, 

University  of  Minnesota, 
June  29,  1906. 

'Compt.  Rend.,  120,  p.  1413. 
«Phil.  Mag.  (6),  3,  p.  627. 
*Loc.  cit. 

*  Annal.  der  Physik,  I,  p.  272. 

*  Ann.  de  Chim.  et  de  Phys.  (3),  37,  p.  470. 
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THE   SPARK    DISCHARGE    IN    GASES    AND    VAPORS. 

By  John  E.  Almy. 

T)ASCHEN*S  law/  giving  the  relation  between  gas  pressure  and 
*-  spark  length,  is  an  important  advance  in  the  generalization  of 
the  phenomena  of  spark  discharge  in  gases.  Carr's  *  verification  of 
the  law  shows  it  to  hold  for  a  wide  range  of  pressure.  Peace  '  first 
noted  the  existence  of  a  "minimum  "  spark  potential,  and  Carr,  (loc. 
cit),  has  shown  that,  —  at  least  for  rather  low  pressures,  —  there 
are  critical  points  of  spark  length  and  pressure  such  that  if  the 
spark  gap  is  diminished  below  the  critical  distance,  with  pressure 
constant,  or,  if  the  pressure  is  reduced  below  the  critical  value, 
with  constant  spark  gap,  —  the  spark  potential,  increases  with  de- 
creasing spark  length,  or  decreasing  pressure  as  the  case  may  be. 
The  work  of  Earhart,^  Khisley,*  and  Hobbs,*  seems  to  have  thrown 
some  doubt. upon  the  entire  generality  of  the  phenomenon  of  in- 
creasing spark  potential  with  decreasing  spark  length,  however 
there  is  evidence  suggesting  that  the  phenomena  studied  by  these 
observers  were  of  the  nature  of  coherer  discharge  rather  than  spark 
discharge. 

De  la  Rue  and  Miiller^  concluded  that  the  spark  discharge 
passes  more  readily  between  electrodes  of  aluminium  than  between 
any  other  metals ;  Righi,  Peace,  and  Carr  were  unable  to  detect 
any  difference  in  spark  potentials  depending  upon  electrode  material. 
The  writer  *  of  this  paper  has  pointed  out  the  probability  that  any 
such  difference  due  to  electrode  material  would  be  of  the  same 
order  as  the  differences  in  the  "  cathode  fall "  when  the  same  metals 
are  used  in  the  Crookes  tube,  and  consequently  would  be  small 

*Paschen,  Wied.  Ann.,  37,  p.  79,  1889. 

«Carr,  Proc.  Roy.  Soc,  71,  p.  374,  1903. 

•Peace,  Proc.  Roy.  Soc,  52,  p.  99,  1892. 

*Earhart,  Phil.  Mag.,  (6),  I,  p.  147,  1901. 

« Kinsley,  Phil.  Mag.,  (6),  9,  p.  692,  1905. 

•Hobbs,  Phil.  Mag.,  (6),  10,  p.  617,  1905. 

^De  la  Rue  and  MUller,  Phil.  Trans.,  169,  pt.  i,  p.  93,  1898. 

•Almy,  Phys.  Rev.,  20,  p.  382,  1905. 
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beyond  the  possibility  of  detection,  in  most  gases.  In  the  case  of 
hydrogen  it  was  found  that  there  is  a  clearly  determined  difference 
in  the  spark  potentials  for  a  given  spark  length,  when  different 
metals  are  used  as  electrodes. 

Roentgen^  concluded  that  the  minimum  potential  which  will 
maintain  a  discharge  between  a  point  and  a  plane,  as  electrodes, 
for  different  gases  with  same  distance  between  electrodes  and  same 
gas  pressure,  varied  inversely  as  the  mean  free  path  of  the  gas 
molecules.  The  insufficiency  of  the  data  of  spark  potentials  in 
various  gases  and  vapors  and  the  fact  of  the  errors  due  to  "  lag  " 
of  the  spark,  and  differing  electrodes,  seem  to  warrant  new  deter- 
minations of  spark  potentials  in  various  gases  and  vapors  to  test 
with  greater  care  the  correctness  of  Roentgen's  hypothesis  as 
applied  to  the  spark  discharge.  Such  was  the  purpose  of  the  work 
to  be  described,  the  gases  and  vapors  being  those  which  gave  as  wide 
a  range  of  mean  free  molecular  path  as  could  be  readily  obtained. 

It  has  been  the  usual  assumption  that  spark  potentials  at  a  given 
pressure  are  a  linear  function  of  the  spark  lengths ;  this  is  by  no 
means  exactly  true ;  at  atmospheric  pressure,  for  any  considerable 
range  of  spark  length  it  is  not  even  approximately  so.  Consider- 
ation of  the  data  given  by  Paschen,  and  by  Orgler,*  shows,  how- 
ever, that  the  quantity — 

i    ^ 
Pdx' 

is  a  function  of  the  spark  potential,  alone,  being  very  approximately 
constant  for  all  pressures  and  spark  lengths,  so  long  as  the  potential 
range  used  is  the  same. 

Consequently  this  quantity, 

idV 
Pdx  =  ^' 

may  be  taken  as  characteristic  of  a  given  gas  or  vapor,  independent 
of  gas  pressure,  spark  length,  or  electrode  material,  if  the  range  of 
potential  used  in  its  determination  is  the  same  in  all  cases.  Hence, 
spark  potentials,  in  various  gases  and  vapors,  at  various  pressures, 
were  determined  with  potentials  varying  from  360  to  900  volts,  and 
the  values  of  the  gas  constant,  K,  calculated. 

*  Roentgen,  Gottingen  Nachr.,  p.  390,  1878. 
•Orgler,  Ann.  der  Phys.,  1,  p.  169,  1900. 
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The  apparatus  used  and  the  method  were  the  usual  ones  ;  a  dis- 
charge tube  with  two  spherical  electrodes  having  curvature  of  lO 

cm.  radius,  was  connected  with  a  sys- 
tem of  wash  flasks  and  drying  tubes 
for  obtaining  the  pure,  dry  gas  or  vapor 
desired,  and  to  an  air-pump  to  facilitate 
the  filling  of  the  tube.  The  upper 
electro<;Je  was  carried  on  a  screw  allow- 
ing measurement"of  the  spark  gap,  to 
.003  mm.  without  any  rotation  of  the 
electrodes.  A  quartz  window,  Q,  Fig. 
I,  served  for  the  illumination  of  the 
light  from  an  electric  arc,  which  is 
effective  in  eliminating  the  **  lag  **  of 
the  spark.  A  battery  of  storage  cells 
gave  potentials  up  to  1,000  volts,  a 
Weston  voltmeter  was  used  to  meas- 
ure the  spark  potentials.  This  volt- 
meter was  calibrated  by  comparison 
□—  —  wiw  • — I 1—"  with  a  high-accuracy  standard  Weston 
._           -Ml  voltmeter. 

A  rheostat,  consisting  of  two  tubes, 
one  of  distilled  water,  the  other  of 
amyl  alcohol  with  a  small  amount  of  cadmium  iodide  in  solution, 
in  series  with  the  battery  with  the  voltmeter  and  spark  gap  in 
parallel  were  shunted  off  the  rheostat,  enables  one  to  vary  the  po- 
tential applied  to  the  spark  electrodes,  at  will.  The 
tube  of  water  is  of  advantage  in  obtaining  almost  the 
whole  potential  of  the  battery  without  the  danger 
of  short-circuiting  the  battery  when  very  short 
sparks  are  used. 

The  electrical  connections  are  shown,  diagram- 
matically  in  Fig.  2,  5,  being  the  spark  gap,  V, 
the  voltmeter,  and,  R,  R,  the  rheostat  tubes.  In 
taking  the  observations  the  spark  gap  is  first  closed 
completely,  a  small  potential  (30  to  50  volts),  being  used  to  test 
the  short  circuit,  then  the  spark  electrodes  are  moved  apart,  by  very 
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minute  steps,  the  potential  being  applied  after  each  step  to  detect 
the  point  where  the  electrodes  first  separate  care  being  taken  that 
the  potential  was  not  applied  to  the  spark  gap  when  the  electrodes 
were  being  moved  apart.  Having  thus  obtained  the  zero  point  of 
the  spark  gap,  the  electrodes  were  then  separated  the  desired  dis- 
tance and  the  potential  then  gradually  increased  until  a  spark  dis- 
charge occurred,  the  passage  of  a  spark  being  evident  from  the 
sudden  drop  in  the  reading  of  the  voltmeter. 

The  considerable  variation  shown  by  the  comparison  of  the  best 
previous  determinations  of  spark  potentials  made  it  advisable  to 
repeat  the  determinations  for  some  of  the  permanent  gases,  so  that 
results  obtained  under  like  conditions  may  be  used  in  comparing 
the  different  gases  and  vapors. 

Air  which  was  thoroughly  dried  from  standing  in  the  apparatus 
with  phosphorous  pentoxide  48  hours  or  more,  gave  the  following 
results : 

Air, 


Pressure  73. 

8  cm. 

Pressure  30 

cm. 

Pressure  6  cm. 

4:  (cm.). 

r(voits). 

K 

x(cm.). 

K(volts). 

K 

1033 

X  (cm.). 

K(volts). 

K 

.001 

345 

1285 

.002 

322 

.01 

340 

1113 

.002 

440 

1209 

.004 

384 

1067 

.02 

407 

1113 

.003 

526 

1070 

.006 

448 

1033 

.03 

474 

1100 

.004 

605 

954 

.008 

510 

1113 

.04 

540 

1013 

.005 

677 

1030 

.010 

578 

913 

.05 

601 

987 

.006 

>I3 

.012 
.014 

633 
685 

913 

.06 
.07 

660 
720 

1000 

Mean  values  of  A^  1090 

1016 

1043 

Hydrogen^ — generated  from  zinc  with  pure,  hydrochloric  acid,  was 
purified  by  passing  successively  through  solutions  of  potassium  per- 


Hydrogen, 


Pr« 

essure  73.5  cm. 
^^volts).    K 

Pr« 

issure  30 
P^  volts). 

cm. 
K 

Pressure  6  cm. 

jr(cm.). 

jr(cm.). 

X   (cm.). 

K  (volts). 

K 

.001 

245 

700 

.004 

300 

666 

.02 

345 

700 

.002 

2% 

680 

.006 

340 

666 

.03 

387 

813 

.003 

346 

667 

.008 

380 

700 

.04 

425 

750 

.004    395 

670 

.010 

'  422 

633 

.05 

480 

600 

.006    500 

662 

.012 

460 

713 

.06 

516 

543 

.008    604 

1 

.014 
.016 

503 
545 

700 

.08 

560 

Mean  values  of  a 

K,   676 

680 

676 
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manganate,  potassium  hydrate,  and  alkaline  pyrogallic  acid  and 
dried  in  tubes  of  solid  KOH  and  phosphorous  pentoxide,  giving 
the  following  results : 

Carbon  Dustdphide  Vapor,  —  Ordinarily  pure  carbon  di-sulphid 
is  by  no  means  a  simple  substance,  but  contains  various  decom- 
position products.  The  CS,  used  was  some  especially  cleaned  and 
dried  for  electro-optical  purposes  and  was  almost  wholly  free  from 
obnoxious  odors,  a  clear,  almost  colorless,  liquid.  The  vapor  of 
this  liquid  gave  the  following  results  : 


Carbon  Di-sulphide. 


Preuure  30 

cm. 

K 

Pressure  98. 

5  cm. 

Pressure  16 
x(cm.).  F(volts). 

cm. 

X  (cm.). 

K(  volts). 

jr(cm.). 

/^(volts). 
384 

3880 

K 

.00166 

313 

4480 

.00166 

.00166 

304 

4950 

.0025 

425 

3400 

.0025 

475 

3650 

.0025 

370 

4875 

.0033 

510 

3400 

.0033 

560 

2800 

.0033 

435 

3975 

.00417 

595 

3320 

.00417 

627 

2900 

.0050 

541 

2850 

.0050 

678 

.0050 

694 

.0067 
.0083 
.010 

617 
694 
769 

2850 
2780 

Mean  values  of  K,  3650 


3320 


3  710 


Cfdoroform,  —  Chemically  pure  chloroform,  dried  with  fused  CaCl, 
gave  the  following  results  : 

Chloroform, 


Pressure  13.5 

cm. 

jr(cm.). 

K  (volts). 

K 

.005 

510 

2370 

.010 

670 

2520 

.015 

840 

2615 

.020 

1017 

:  _ 

Mean  value  of  A' 

2500 

(The  data  given  here  are  in  each  case  the  average  of  several  distinct  determinations, 
the  pressure  being  the  same  in  all. ) 

Benzol.  —  In  working  with  benzol,  (benzene),  it  was  noticed  that 
the  spark  potential  for  a  given  spark  gap,  and  also  the  color  of  the 
discharge  glow,  obtained  from  the  first  one  or  two  discharges  after 
the  discharge  tube  is  filled  with  fresh  vapor  is  essentially  different 
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from  that  of  succeeding  sparks.  This  is  probably  due  to  the  decom- 
position of  the  vapor  by  the  discharge  and  a  consequent  change  of 
the  ions  which  carry  the  discharge,  the  first  spark  produces  a  bril- 
liant green  light  while  later  ones  give  the  pinkish  tinted  glow,  the 
discharge  being  probably  carried  by  CHj  or  CH3  ions.  A  rapid 
deposition  of  carbon  upon  the  electrodes  as  sparks  pass  seems  to 
confirm  the  supposition  of  the  decomposition  of  the  benzol. 

In  the  results  given  below,  Set  I.  are  observations  taken  in  each 
instance,  the  first  spark  after  the  electrode  had  been  freshly  polished 
and  the  vapor  fresh  ;  Set  II.  are  data  obtained  by  taking  mean  values 
of  the  first  three  sparks  in  each  instance;  and  Set  III.  are  the 
results  obtained  after  a  number  of  sparks  had  passed  in  each 
instance ;  Set  I.  representing  then,  the  results  obtained  with  the 
benzol  vapor  unmixed  with  impurities  while  the  other  sets  show 
the  results  of  increasing  amount  of  impurities  introduced. 


Benzol, 


Set  I. 

Set  II. 

Set  III. 

Pressure  5 

cm. 

Pressure  7 

cm. 

Pr« 

jr(cm.). 

ssure  7.7 

cm. 

j:(cm.). 

f(  volts). 

K 

X  (cm.). 

K(  volts). 

K 

/^(  volts). 

K 

.010 

565 

4450 

.010 

601 

3230 

.005 

520 

2600 

.015 

675 

4040 

.015 

.715 

3450 

.010 

620 

2210 

.020 

778 

4280 

.020 

835 

3000 

.015 

705 

2210 

.025 

885 

.025 

935 

.020 
.025 

790 
880 

2340 

Mean  values  of  K,  4240 


3230 


2340 


Ammonia,  —  Commercial  ammonia,  taken  from  a  cylinder  of  the 
gas  was  used,  being  dried  by  passing  through  tubes  containing  solid 
KOH  in  small  fragments.  It  is  a  well  known  fact  that  ammonia  is 
decomposed  under  the  action  of  the  electric  spark,  giving  free  nitro- 
gen and  hydrogen  ;  this  was  very  evident  from  the  observations,  the 
spark  potentials  dropping  rapidly  with  use  of  the  gas  to  the  values 
usually  obtained  for  nitrogen,  and  with  extended  use  falling  nearly 
to  the  values  obtained  in  hydrogen.  A  complete  set  of  **  first  spark  " 
reading  was  not  obtained,  the  first  two  readings  in  each  set  may  be 
taken  as  indicative  of  the  results  which  would  be  obtained  if  no 
decomposition  occurred. 
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Preaaure  3s  cm. 

^(cm.).   ^'(volts).' 


.002 
.005 
.010 
.015 


K 


485 
620 
760 
880    < 


1406 
875 
750 
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Preaaure  aocm. 

jc  (cm.).   F(volta)J  K 

1416 

810 

810 

1010 

1010 


.002 

430 

.005 

515 

.010 

5% 

.015 

677 

.020 

778 

.025 

890 
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Preaaure  xo  cm. 


jr  (cm.),    /^(volta).! 


.005 
.010 
.015 
.020 


400 
470 
515 
555 


K 

1400 
900 
800 


Mean  value  of  fC  from  first  two  sparks,  1407. 

Mean  value  of  JC  from  all  the  other  observations,  882. 

Etfier.  —  The  best  grade  of  commercial  ether  obtainable,  dried 
with  calcium  chloride,  gave  the  following  data : 


Ether. 


Preaaure  ao  cm. 

x(cm.). 

^(volta). 

1 

K 

.003 
.005 
.010 
.012 

520 
620 
870 
970 

3300 
2500 
2500 

Mean  value  of  A', 

2767 

Nitrogen.  —  From  recent,  evidently  very  careful,  determinations 
of  spark  potentials  in  nitrogen  by  Hurst,^  the  values  of  the  gas  con- 
stant, K  are  calculated  for  nitrogen.  The  results  represent  averages 
for  various  pressures  as  Hurst  gives  his  spark  potentials  as  function 
of  the  product,  Px  (pressure  times  spark  length). 

Nitrotren. 


P.X  (cm.«). 

r(volta). 

d{Px)   '^' 

.134 

340 

1110 

.170 

380 

1140 

.240 

460 

1000 

.284 

505 

730 

.420 

650 

1  Hurst,  Phil.  Mag.  (6).  11,  p.  535,  1906. 
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In  comparing  the  gas  constants  obtained  in  the  work  described 
above,  with  the  mean  free  paths  of  the  molecules  of  the  different 
gases  and  vapors  used  it  is  necessary  to  deduce  the  free  paths  for 
the  particular  temperature  at  which  the  gas  stood  during  the  experi- 
ment. According  to  Meyer  (cf.  Kinetic  Theory  of  Gases),  the 
viscosity  of  a  gas  or  vapor  depends  upon  the  temperature  in  the  fol- 
lowing manner : 

where  B  is  the  coefficient  of  cubical  expansion  of  the  gas,  jy,  the 

coefficient  of  viscosity,  and  /,  the  temperature,  centigrade. 

But  we  have 

7o=-309  Vo^o 
and 

7*  =  .309^o^A 

in  which  5,  v,  and  X  refer  to  density  of  the  gas,  mean  square  speed, 

and  mean  free  path  of  the  gas  molecules,  respectively,  and 


{i+Btf 


hence  ^^  =  /^,(i  +  Bt), 


The  values  of  mean  free  path  for  the  different  gases  and  vapors, 
taken  from  Landolt  and  Bornstein's  Tabellen,  at  the  temperatures 
at  which  the  substances  were  used,  together  with  the  gas  spark-con- 
stants determined  for  spark  potentials  between  400  and  900  volts 
are  given  in  the  following  table.  As  the  values  of  mean  free  paths 
given  by  different  authorities  differ  considerably  in  some  instances 
the  values  given  by  the  most  recent  determinations  are  used. 


Substance. 

Hydrogen 

Carbon  di-oxide 

Nitrogen 

Air 

A  •      f  first  spark 

Ammonia  ■<  ^ 

C  averages... 

Carbon  di-sulphide 

Chloroform  

Ether  

Benzol  I  f^^^P"-^ 

Uater  ones 


Spark  Constant   I  Mean  Free  Path, 
K,  (volts/cm.«)  A  •  xo"  (cm.). 


675 

906 

995 
1050 
1407^ 

880/ 

3560 

2500 
2767 
42401 
2340/ 


1630 

680 

990 
1025 

740 

r311| 
^274/ 

256 

215 

235 


Product  A'Axo." 


1.10 
.61 
.985 

1.07 

1.04 
.   .65 

1.10 

.   .975 

.64 

.59 

1.01 
.55 
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It  is  evident  that  in  the  greater  number  of  cases,  the  product,  Kl, 
is  approximately  constant,  or  that  the  function,  K,  which  represents 
the  gas-characteristic  in  the  determination  of  sparking  potentials,  is 
inversely  proportional  to  the  mean  free  path  of  the  gas  molecule. 
The  deviations  from  this  law,  shown  by  some  of  the  vapors  tested 
may  in  all  probability  be  rightly  attributed  to  the  decomposition  of 
the  gas  or  vapor  so  that  the  medium  through  which  the  discharge 
takes  place  is  not  the  substance  which  originally  filled  the  discharge 
tube.  The  fact  that  carbon  di-sulphide,  of  which  the  decomposition 
products  are  solids  and  hence  precipitate  out  when  formed,  is  the 
only  compound  substance  which  does  not  show  marked  difference 
between  first  sparks  and  succeeding  ones,  obeys  the  law  together 
with  the  elemental  substances,  seems  confirmatory  to  this  hypoth- 
esis. Again  the  case  of  carbon  di-oxide  is  suggestive ;  it  is  a  well 
known  fact  that  this  gas  is  dissociated  in  the  electric  discharge. 
Geissler  tubes  filled  with  CO,  under  the  action  of  the  discharge  come 
ultimately  to  show  almost  wholly  the  spectral  lines  of  the  mon- 
oxide, CO.  Now  the  observations  of  Orgler  and  Paschen  with  car- 
bon di-oxide  are  such  as  give  a  mean  value  of  the  constant,  K,  of 
906,  (which  is  obviously  smaller  than  would  have  been  obtained 
using  lower  spark  potentials),  and  this  quantity,  multiplied  by  the 
mean  free  path  of  the  carbon  mon-oxide  molecule,  which  is 
1046- lO"**,  gives  for  the  value  of  the  product,  A7,  the  number, 
.94-10"*  which  is  approximately  the  same  as  that  for  the  permanent 
gases. 

To  sum  up  : 

It  seems  that  the  assumption  of  Roentgen  is  supported  by  the 
results  of  experiment,  namely,  that  the  spark  potentials  in  a  gas  or 
vapor  is  a  function  of  the  mean  free  path  of  the  molecule  of  the  gas 
or  vapor,  and  in  fact  an  inverse  function  ;  that  is  —  for  a  given  spark 
potential,  the  quantity, 

dV 


5.7;=^=/(i) 


the  quantity,  k,  being  in  turn  a  function  of  the  spark  potential,  F, 
but  for  a  limited  range  it  is  approximately  constant.  And,  to  the 
same  degree  of  approximation  to  which  Paschen's  law  holds,  the 
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potential,  F,  necessary  to  produce  a  spark  discharge  through  a  dis- 
tance, X,  in  any  gas  is  expressed  by  the  equation. 


p\f(^i'-'^\ 


V-K  + 

in  which 

V^  =  the  minimum  spark  potential  for  the  gas  and  electrodes  used, 

x^  =  the  distance  of  the  minimum  potential  spark  at  the  pressure 

used, 
X  =  the  mean  free  path  of  the  molecules  of  the  gas  used, 
^=  a  gas  spark  constant,  which  has  the  same  value  for  all  gases 
and  vapors,  (so  long  as  the  spark  is  not  effected  by  decompo- 
sition products  of  the  discharge),  but  varying  with  the  dis- 
charge potential  concerned. 

The  Brace  Laboratory  of  Physics, 
Lincoln,  Nebraska,  July,  1906. 
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THE    CAPACITY  AND    RESISTANCE    OF  ALUMINIUM 
ANODE   FILMS.^ 

By  C.  McCheyne  Gordon. 

THERE  is  formed  on  aluminium  when  used  as  an  anode  in  most 
solutions,  a  film  which  is  highly  insulating  in  character  so 
long  as  the  voltage  applied  is  not  too  high,  or  the  direction  of  the 
current  is  not  reversed.  These  films  have  been  the  subject  of  a 
large  number  of  investigations  ;  interest  in  them  having  been  especi- 
ally lively  during  recent  years  since  the  possibility  of  taking  advan- 
tage of  the  asymmetric  resistance  for  rectifying  alternating  currents 
has  been  realized.  These  investigations  have  proven  that  the  resist- 
ance of  the  films  and  the  voltage  at  which  the  resistance  begins  to 
decrease  rapidly,  generally  called  the  critical  voltage,  vary  with  the 
electrolyte  used  as  well  as  with  the  temperature.  They  have  shown 
however  considerable  conflict  of  evidence  and  opinion  as  to  the 
chemical  constitution  and  reasons  for  the  asymmetry  of  resistance 
and  its  breaking  down  at  higher  voltages. 

No  extensive  study  of  the  electric  capacity  of  these  films  has  here- 
tofore been  made.  Scott  *  made  a  few  measurements  on  the  polari- 
zation capacity  of  aluminium  in  connection  with  a  number  of  other 
metals,  while  the  electrodes  were  subjected  to  a  definite  polarization, 
but  his  measurements  on  aluminium  are  all  taken  at  low  voltages 
—  not  greater  than  1.75  volts  ;  and  only  in  one  solution  —  sulphuric 
acid.  A  number  of  others  have  given  capacity  values,  but  without 
explicit  statements  as  to  conditions  or  method  of  measurement. 

Method  of  Measurement. 
The  method  used  to  measure  the  capacity  is  that  developed  by 
the  writer*  at  the  suggestion  of  Nernst  for  the  measurement  of  the 

*  A  summary  of  this  paper  was  given  at  the  Ithaca  meeting  of  the  A.A.A.S.,  July, 
1906. 

•Scott,  Wied.  Ann.,  67,  p.  388,  1889. 
'Gordon,  Wied.  Ann.,  61,  p.  1,  1897. 
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capacity  of  polarization.  It  is  the  well  known  wheatstone  bridge 
arrangement  for  comparing  capacities  with  slight  modifications.  The 
connections  are  shown  in  the  figure.  Ey  and  E^  are  the  aluminium 
electrodes  dipping  into  the  solution  S ;  Ey  is  made  so  large  in  com- 
parison with  -fig  that  the  capacity  measured  is  practically  that  of  the 
small  electrode  alone ;  A^  is  a  three-point  switch  by  means  of  which 

the  cell  is  connected  first  to 

p 

the  battery  P^  in  order  to  form 
the  film  on  E^,  and  then 
switched  into  the  bridge  for 
measurement. 

The  capacity  C^  was  a  mica 
condenser  of  o.  5  Mf.,  or  a  paper 
condenser  of  6.8  Mf.  This 
paper  condenser  was  marked 
by  the  maker  10  Mf.,  which 
was  evidently  its  value  by  direct 
current  measurement.  Such  condensers  always  give  much  lower 
values  when  measured  by  alternating  currents  ;  but  their  values  are 
always  consistent  with  one  another,  if  a  number  of  such  condensers 
are  compared  with  one  another  or  with  mica  condensers. 

Ry  is  a  variable  non-inductive  resistance  in  series  with  the  condenser 
C„  which  is  necessary  to  balance  the  conductivity  of  the  solution. 
DGFis  the  bridge  wir^  and  T'the  telephone  receiver,  /is  a  small 
induction  coil  with  automatic  breaker,  operated  by  the  battery  B  ; 
Nis  3l  shunt  by  means  of  which  the  current  is  kept  small.  Large 
currents  give  polarization  effects  which  interfere  with  the  accuracy 
of  the  bridge  setting. 

-/?'  is  a  variable  resistance  which  serves  to  balance  the  conduc- 
tivity of  the  film  itself  This  resistance  was  found  however  to  be 
unnecessary  in  most  of  the  measurements  of  the  capacity  and  was 
generally  omitted. 

With  this  arrangement  of  the  bridge  three  conditions  must  be 
satisfied  simultaneously  in  order  that  there  shall  be  no  current  in 
the  telephone,  namely ; 

C;=C,^^     R^^R,~\     and  Film 7?  =7?' 5^. 
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Using  electrodes  of  a  few  square  centimeters  area,  the  position  of 
the  minimum  is  practically  determined  by  the  capacities.  If  the 
resistances  are  too  far  off  from  the  proper  ratios,  the  minimum  is 
not  sharp  but  with  an  approximate  adjustment  of  the  resistances 
it  is  possible  to  obtain  a  setting  on  the  bridge  certain  to  one  milli- 
meter. 

These  experiments  were  planned  with  the  expectation  that  we 
could  thus  readily  obtain  an  accurate  measurement  of  the  capacity 
and  the  resistance  of  the  films  at  the  same  time.  It  was  found  how- 
ever that  the  films  most  suitable  for  capacity  measurements  had  a 
resistance  so  large  as  to  have  little  effect  on  the  sharpness  of  the 
telephone  minimum,  and  it  was  accordingly  decided  to  leave  the 
resistance  of  the  films  for  a  later  investigation,  which  is  still  in 
progress.  Some  interesting  preliminary  results  on  the  resistance 
obtained  are  given  further  along  in  this  paper. 

The  electrode  E^  on  which  the  films  were  formed  was  a  strip  of 
sheet  aluminium  about  i  cm.  wide  and  dipping  into  the  solution 
from  I  to  4  cm.  The  other  electrode  was  a  sheet  of  aluminium 
about  twenty  times  as  large.  In  preliminary  measurements  a  small 
electrode  was  also  tried  in  place  of  the  large  one  ;  a  large  sheet  of 
lead  was  also  substituted  for  the  large  aluminium  electrode.  The 
capacity  calculated  per  cm.'  of  one  side  of  the  electrode  was  the  same 
for  all  three  cases. 

The  Poush  of  the  Surface. 

The  degree  of  the  polish  of  the  surface  makes  a  considerable  dif- 
ference in  the  size  of  the  capacity.  Surfaces  formed  by  cutting  the 
aluminium  under  turpentine  with  a  sharp  instrument  gave  the 
smallest  capacities.  Sheets  polished  with  emery  cloth  and  sand 
paper  gave  larger  values.  At  higher  voltages  the  difference  in  the 
polish  does  not  make  so  much  difference.  The  variations  in 
capacity  with  the  polish  of  the  surface  are  probably  due  to  the 
actual  differences  in  surface  area.  With  the  higher  formation  volt- 
ages the  films  are  thicker,  the  uneven  places  are  probably  to  some 
extent  filled  up  and  the  capacity  values  consequently  not  so  far 
apart.  As  the  capacity  values  for  surfaces  cut  under  turpentine 
were  practically  the  same  as  those  of  smoothly  polished  aluminium 


No.  I.]      CAPACITY  AAD  RES/STANCE  OF  ALUMINIUM  FILMS.      63 

as  obtained  from  the  manufacturers,  the  latter  was  used  for  the  rest 
of  the  experiments.  A  series  of  measurements  showing  the  amount 
of  the  variation  with  the  differently  polished  surfaces  is  given  in 
Table  I. 

Table  I. 

(NH«),CO,   Solution. 


Prepamtion. 

Capacity  in  Mf.  per  cm.* 

9o  Volts. 

xoo  Volts. 

Cut  under  turpentine 

0.33 
0.57 
0.70 
0.65 

0.0686 

Emery  cloth  under  turpentine 

O.IU 

Emery  cloth  in  air 

0.129 

Sand  paper  in  air 

0.129 

Tubular  Electrodes. 
A  number  of  observers  have  found  that  tubular  electrodes,  especi- 
ally when  water-cooled,  are  better  for  rectifying  the  current  than  the 
ordinary  sheet  electrodes.  Fischer^  found  that  water-cooled  tubular 
electrodes,  in  sulphuric  acid,  insulated  well  at  loo  volts  and  gave  films 
several  tenths  of  a  millimeter  in  thickness.  The  tubular  electrodes, 
however,  even  when  cooled  with  water  near  o°,  give  the  same  capac- 
ity values  as  the  sheet  electrodes.  The  thicker  films  found  for  sul- 
phuric acid  and  sodium  sulphate  seem  to  be  composed  of  two  layers, 
the  thicker  part  being  a  film  of  good  conductivity,  concerning  which 
more  will  be  said  further  on,  under  the  discussion  of  the  thickness 
of  the  films.  The  most  noticeable  difference  between  the  water- 
cooled  tube  electrodes  and  those  without  water  was  in  the  rapidity 
with  which  the  capacity  increased  after  the  formation  current  was 
turned  off.  In  the  first  five  minutes  after  turning  off  the  current 
from  the  water-cooled  electrode  the  capacity  increased  about  ten 
per  cent.,  while  without  water  the  increase  was  less  than  one  per 
cent,  in  the  same  time. 

Temperature. 
A  number  of  observers  have  found  that  the  voltage  at  which  the 
films  begin  to  break  down  —  the  so-called  critical  voltage  —  de- 
creases rapidly  with  the  increase  of  the  temperature.     No  corres- 
ponding variation  in  the  capacity  was  found.     The  capacity  re- 

1  Fischer,  Zeit.  fUr  Eleck.  Chem.,  lo,  p.  869,  1904. 
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mained  the  same  from  io°  to  25®  C,  at  least  within  the  limits  of 
experimental  error,  two  to  three  per  cent.  After  this,  had  been 
established  for  three  or  four  solutions,  the  remaining  measurements 
were  taken  at  room  temperatures,  probably  vat-ying  between  15° 
and  25°  C. 

Time  for  the  Formation  of  the  Films. 

The  formation  of  the  film  is  not  by  any  means  instantaneous. 
The  current  is  at  first  large,  but  decreases  rapidly,  coming  to 
practically  constant  values  after  some  time.  The  decrease  in  the 
capacity  as  the  current  continues  to  run  is  likewise  at  first  rapid 
and  then  slower,  approaching  a  minimum  value.  This  decrease  in 
the  capacity  is  not  proportional  with  that  of  the  residual  current. 
For  example  in  one  case  where  the  residual  current  was  measured, 
the  capacity  decreased  but  six  per  cent,  while  the  residual  current 
changed  in  the  ratio  of  six  to  one.  Generally  after  five  seconds 
application  of  the  direct  current  the  capacity  was  within  a  few  per 
cent,  of  its  minimum  value.  The  time  required  to  bring  it  within  one 
per  cent,  of  its  minimum  value  varied  largely  with  the  voltage  and 
somewhat  with  the  solution.  For  20  volts  it  was  generally  about  five 
minutes  and  for  too  volts  sometimes  as  much  as  twenty  minutes. 
The  values  for  the  capacity  given  in  this  paper  are  minimum  values, 
assuming  that  the  minimum  is  attained  when  a  further  application 
of  the  formation  current  for  five  minutes  gives  a  decrease  of  capacity 
of  less  than  one  per  cent. 

Capacity  Measuremeni's  While  the  Polarizing  E.M.F. 
IS  Still  Applied. 

Scott  inserted  the  polarizing  battery  in  the  telephone  arm  of  the 
bridge,  and  thus  was  able  to  take  the  capacity  measurements  while 
the  polarizing  current  was  acting.  I  made  a  comparison  of  this 
method  with  that  as  given  above  and  found  that  the  capacity  meas- 
ured with  the  current  on,  was  the  same  as  after  it  was  off.  The  method 
as  g^ven  above  was  accordingly  used  on  account  of  its  greater  sim- 
plicity. The  two  methods  give  very  different  values  for  the  film 
resistance,  but  more  will  be  said  about  this  in  another  paragraph. 
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Formation  Voltage  and  Capacity. 
After  the  above  preliminary  experiments,  the  first  question  con- 
sidered was  as  to  how  the  capacity  changes  with  the  voltage  applied 
to  form  the  film  —  which  we  shall  speak  of  hereafter  as  the  *'  for- 
mation voltage."  Scott  found  that  the  capacity  of  aluminium  in 
sulphuric  acid  decreased  rapidly  as  the  formation  voltage  increased, 
but  as  he  did  not  use  voltages  higher  than  1.75,  he  did  not  dis- 
cover any  simple  relation  between  capacity  and  voltage.  My  first 
measurements  were  with  a  potassium  alum  solution  and  it  was  seen 
at  once  that  for  higher  voltage  the  capacity  varies  inversely  as  the 
formation  voltage.  Measurements  for  two  solutions  are  given  in 
Table  II.  Similar  results  were  obtained  for  a  number  of  other 
solutions.  The  areas  of  the  films  whose  capacities  are  given  in  this 
table  were  not  measured. 

Table  II. 


HNaNH4P04  Solution. 


K^CraO,  Solution. 


Formation 
Voltage. 

Capacity. 

Product. 

Formation    1 
Voltage.       ' 

Capacity. 

Product. 

I. 

II. 

I.  X  II. 

I.            1 

II. 

I.  X  II. 

20 

1.60 

32.0 

10          , 

3.8 

38.0 

30 

1.11 

33.3 

20 

1.95 

39.0 

40 

0.83 

33.2 

40          ' 

0.95 

38.0 

50 

0.64 

32.0 

81          1 

0.48 

38.9 

60 

0.54 

32.4 

90          1 

0.42 

37.8 

71 

0.46 

32.7 

100          1 

0.38 

38.0 

80 

0.40 

32.0 

1 

91 

0.35 

3L8 

100 

0.32 

32.0 

The  variations  of  the  product  from  a  constant  value  are  well 
within  the  experimental  error.  The  natural  explanation  of  this 
relation  between  the  capacity  and  the  formation  voltage  is  that  the 
thickness  of  the  films  is  proportional  to  the  formation  voltage. 
During  the  progress  of  this  investigation  an  article  has  been  pub- 
lished by  Fischer*  in  which  he  comes  to  the  same  conclusion  in  re- 
gard to  the  films  formed  in  sulphuric  acid ;  but  the  sulphuric  acid 
films  are  quite  different  in  character  from  those  of  most  solutions  as 
will  be  set  forth  below. 


>  Fischer,  Zeit.  fUr  Elek.  Cbem. ,  10,  p.  869,  1904. 
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The  Capacity  in  Different  Solutions. 

Experiments  were  next  made  to  determine  how  the  capacity 
might  vary  as  the  electrolyte  was  changed.  The  literature  of  the 
subject  shows  that  with  a  change  of  the  electrolyte  there  are  large 
variations  in  the  insulating  power  of  the  films  and  in  the  critical 
voltages.  With  sulphuric  acid  for  instance,  at  room  temperatures, 
the  films  break  down  between  twenty  and  thirty  volts,  while  for 
sodium  potassium  tartrate  the  critical  voltage  has  been  found  to  be 
at  least  as  high  as  one  hundred  volts  and  for  citric  acid  five  hun- 
dred volts.  Where  chemical  analyses  of  the  films  have  been  made 
they  have  been  found  to  contain  a  considerable  portion  of  the  acid 
radical  of  the  electrolyte.  In  view  of  these  facts  it  was  expected 
that  each  electrolyte  would  have,  for  any  given  formation  voltage, 
its  own  individual  capacity  value,  differing  from  that  for  other  elec- 
trolytes, because  of  the  difference  in  thickness  and  dielectric  con- 
stant, which  a  difference  in  the  chemical  nature  of  film  would  prob- 
ably cause.  This  expectation,  however,  was  not  realized,  as  will  be 
seen  from  the  figures  given  in  Table  III. 


Table  III. 


Electrolyte. 


(NHJ,C03 

KjCrjO, 

(CHOH),  (CO,),  KNa... 

NaNH^HPO^ 

(CH,),  (COH)  (CO,H), 

Na^SO^ 

HjSO^  ._.^_...._ 


Capacity  in  Mf.  per  cm.* 


FormatiOD 
Voltage  9o. 


0.34 
0.35 
0.35 
0.34 
0.33 
0.39 
0.50 


Formation 
Voltage  100. 


0.069 
0.069 
0.069 
0.072 
0.070 


The  above  series  of  measurements  was  repeated  several  times. 
The  variations  seldom  amounted  to  as  much  as  three  per  cent. 
These  small  variations  are  easily  accounted  for  when  we  take  into 
consideration  that  with  the  voltmeter  used  errors  in  reading  as  large 
as  two  per  cent,  at  twenty  volts,  might  readily  be  made.  The 
exact  length  of  the  film,  determined  simply  from  the  depth  im- 
mersed, could  likewise  not  be  measured  with  any  great  accuracy 
on   account  of  capillary  irregularities.     The  above  figures  show, 
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therefore,  that  within  the  experimental  error  at  least,  the  capacity 
of  the  first  five  solutions,  both  at  twenty  and  one  hundred  volts,  is 
the  same;  and  at  the  same  time  confirm  the  relation  found  before, 
/.  e.,  that  the  capacity  is  inversely  proportional  to  the  formation 
voltage. 

The  larger  values  found  for  sodium  sulphate  and  sulphuric  acid 
may  be  due  to  the  fact  that  in  these  solutions  the  film  dissolves 
more  rapidly  than  in  the  others.  While  for  the  other  solutions 
there  was  no  decrease  of  the  capacity  with  the  film  standing  in  the 
solution  for  five  minutes  after  the  formation  current  was  turned  ofT 
with  sodium  sulphate  there  was  a  small,  and  with  sulphuric  acid  a 
large  decrease  in  this  time.  Two  sets  of  measurements  showing; 
the  rapidity  of  this  increase  are  given  in  Table  IV. 

Table  IV. 


H,SO«  Solution,  Dilute. 


Seconds  after  Disconnecting  the 

Capacity  (Sixe  of  Electrode  not  Measured). 

Formation  Current. 

Series  I. 

Series  II. 

20 

0.400 

0.393 

80 

0.452 

0.427 

170 

0.65 

0.62 

230 

0.93 

0.89 

290 

1.09 

1.07 

350 

1.20 

1.16 

Films  in  Fused  Salts. 

Insulating  films  are  also  formed  with  fused  salts  as  the  elec- 
trolyte. In  a  mixture  of  fused  sodium  and  potassium  nitrates,  the 
capacity  was  found  to  be  smaller  than  in  the  water  solutions.  The 
capacity  increased,  however,  so  rapidly  after  the  formation  current 
was  switched  off,  that  no  accurate  determinations  of  the  minimum 
value  could  be  made.  A  series  of  measurements  showing  this 
rapid  increase  in  capacity  is  given  in  Table  V. 

It  is  evident  that  the  value  obtained  five  seconds  after  the  forma- 
tion current  is  switched  off  is  not  the  minimum  value,  but  even  this 
is  only  about  one-sixth  as  large  as  water  solutions  give  at  the  same 
voltage.  The  film  evidently  dissolves  rapidly,  making  the  film 
thinner  and  the  capacity  consequently  larger. 
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Table  V. 


Fused  KNO,  and  NaNO,.    Temperature  165^  C.    Form.    Volts  ». 


Seconds  after  Formation  Current  was 
Disconnected. 

Capacity  in  ICf.  per  cm.* 

5 

60 

120 

0.06 
0.16 
1.05 

The  resistance  of  these  fused  salt  films  is  much  less  than  those  of 
water  solutions.  While  the  resistance  of  the  latter  was  so  large 
that  a  resistance  in  parallel  with  the  condenser  had  little  effect 
upon  the  minimum,  in  case  of  the  fused  salts  this  parallel  resistance 
must  be  adjusted  somewhat  carefully.  On  account  of  the  rapid 
shifting  of  the  position  of  the  minimum  no  very  accurate  measure- 
ment of  this  resistance  could  be  made  but  the  largest  value  obtained 
was  about  400  ohms  for  a  surface  of  1 5  cm.*  or  6000  ohms  per  cm.* 

The  Resistance  of  the  Films. 
As  was  stated  in  a  previous  paragraph  the  resistance  of  the  films 
formed  at  these  voltages  is  so  large  as  to  have  little  effect  on  the 
bridge  minimum.  As  these  voltages  seemed  to  be  the  most  suitable 
for  obtaining  the  comparative  values  of  the  compacity,  it  was  decided 
to  carry  through  the  above  measurements  without  attempting  to 
obtain  accurate  values  for  the  resistance  at  the  same  time,  and  to 
make  an  investigation  of  the  resistance  of  the  films  later.  The  lat- 
ter investigation  is  not  yet  completed  but  a  few  of  the  more  striking 
results  as  determined  from  the  preliminary  experiments  are  included 
here. 

1.  The  apparent  resistance,  as  calculated  from  the  residual  direct 
current,  does  not  increase  at  all  in  proportion  with  the  decrease  in 
capacity.  If,  as  it  seems  reasonable  to  suppose,  the  decrease 
in  the  capacity  during  the  formation  of  the  film  is  proportional  to 
the  increased  thickness  of  the  film,  the  increase  in  apparent  resis- 
tance is  due  to  something  else  than  mere  increase  of  thickness. 

2.  The  resistance  as  measured  with  the  small  alternating  current 
in  the  bridge  is  much  smaller  than  the  apparent  resistance  as  calcu- 
lated from  the  size  of  residual  current. 

3.  The  resistance  as  measured  in  the  bridge  while  the  formation 
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current  is  still  active  (the  arrangement  of  Scott)  is  only  about  one 
third  as  large  as  when  measured  after  the  direct  current  is  taken  off 
(the  arrangement  of  the  figure  above).  A  discussion  of  the  probable 
cause  of  this  striking  difference  is  deferred  until  some  measurements 
of  the  resistance  under  other  conditions  are  completed. 

The  Thickness  of  the  Films. 

If  we  knew  the  dielectric  constant  for  these  films  we  could  of 
course  calculate  their  thickness  from  their  capacity.  But  even 
without  such  knowledge  we  can  draw  some  conclusions  as  to  the 
maximum  and  minimum  values  of  the  thickness  from  what  we  know 
as  to  the  possible  range  of  the  dielectric  constants,  as  well  as  to  the 
relative  thickness  of  the  films  under  various  conditions  of  formation. 

In  the  first  place  it  is  to  be  noted  that  the  films  formed  in  sul- 
phuric acid  and  sodium  sulphate  are  very  different  in  character  from 
the  other  films.  In  the  sulphates  the  whole  film  is  evidently  not 
insulating  in  charater ;  but  it  seems  as  if  we  have  an  insulating  film 
covered  with  a  much  thicker  conducting  one.  The  reasons  for  this 
conclusion  are  as  follows.  Mott^  and  others  had  found  that  the 
films  in  sulphuric  acid  were  much  thicker  than  in  other  solutions. 
Mott  says  in  one  place  that  he  found  the  thickness  in  sulphuric 
acid  at  twenty  volts  greater  than  that  in  a  phosphate  solution  at  100 
volts.  In  apparent  contradiction  to  this  I  found  the  capacity  of  the 
sulphuric  films  to  be  somewhat  larger  than  in  any  other  solutions 
at  corresponding  voltages.  If  we  use  water  cooled  tubular  elec- 
trodes it  is  easy  to  form  films  in  sulphuric  add  at  formation  voltages 
as  high  as  100,  whose  thickness  is  readily  measured  as  it  amounts 
to  several  tenths  of  a  millimeter.  Fischer  *  found  the  thickness  of 
such  films  at  72  volts  to  be  0.03  cm.  and  I  have  found  films  formed 
at  100  volts  to  be  between  0.03  and  0.04  cm.  thick.  The  lowest 
values  found  for  the  capacity  of  such  a  film  was  0.15  Mf  cm.* 
(Sheet  aluminium  with  same  surface  polish  gave  0.129  Mf.)^  As 
the  film  stood  in  the  solution  the  capacity  increased  very  rapidly, 
becoming  about  ten  times  as  large  within  a  half  hour,  but  there 
was  no  corresponding  change  in  the  thickness  during  that  time.- 

»Mott,  Elect.  Chem.  Ind.,  2,  p.  268,  1904. 

*  Fischer,  1.  c. 

*This  was  in  sodium  carbonate  solution,  as  given  in  Table  I. 
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This  alone  would  be  enough  to  cause  us  to  conclude  that  the  visi- 
ble film  is  not  the  same  as  the  insulating  film  whose  capacity  is 
measured.  The  calculation  of  the  dielectric  constant  which  would 
be  necessary  in  order  that  the  whole  film  should  have  such  a  large 
capacity  makes  this  conclusion  doubly  sure.     Using  the  formula 

where  C  is  the  capacity,  K  the  dielectric  constant,  A  the  area,  and 
d  the  thickness,  all  expressed  in  c.g.s.  units,  for  a  capacity  of  0.15 
Mf.  per  cm.  and  a  thickness  of  0.03  cm.,  the  dielectric  constant 
would  be  over  50,000,  which  is  of  course  out  of  the  question. 

In  all  the  other  solutions  the  films  are  not  thick  enough  to  be 
noticeable  to  the  eye,  and  I  know  of  no  reason  for  supposing  them 
to  consist  of  anything  else  than  a  single  insulating  layer.  It  is  safe 
to  assume  that  the  dielectric  constant  for  this  layer  Ls*  somewhere 
between  i  and  80.  Mott^  and  Zimmerman^  conclude  from  their 
experiments  that  it  is  probably  about  14.  Table  VI.  gives  the 
thickness  of  the  films  calculated  from  the  capacity  per  cm.*  found 
above,  assuming  the  dielectric  constant  to  be  I,  10  and  1,00. 

Table  VI. 

Calculated  Thickness, 


' 

/r=x. 

A'=xo. 

A'=ioo. 

20  volts 

2.5  X  10-^ 
12.5  X  10-^ 

2.5  X  10-« 
12.5  X  10-« 

2.5X10-* 

100  volts 

12.5  X  10-* 

Zimmerman  and  Mott  have  estimated  the  thickness  of  such  films 
from  their  interference  colors.  Mott  estimates  the  thickness  for  100 
volts  to  be  10  X  lO"*.  Zimmerman  gives  the  thickness  of  a  100 
volt  film  as  7.5  X  lO""*,  but  in  another  place  speaks  of  a  100  volt 
film  with  a  thickness  of  2  x  lO""'^. 


» Mott,  Elect.  Chem.  Ind.,  2,  p.  352,  1904. 

« Zimmerman,  Trans.  A.  E.  S.,  5,  p.  147,  1904;  7,  p.  309,  1905. 
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The  Nature  of  the  Films. 
Mott^  has  advanced  the  hypothesis  that  the  chemical  nature  and 
consequent  thickness  of  the  films  are  largely  dependent  upon  the 
nature  of  acid  radical  of  the  electrolyte.  Since,  however,  the  ca- 
pacity is  independent  of  the  electrolyte,  this  view,  at  least  in  so  far 
as  it  has  to  do  with  the  insulating  film,  is  no  longer  tenable.  The 
capacity  being  the  same,  we  must  conclude  that  the  thickness  and 
the  dielectric  constant  are  both  independent  of  the  electrolyte,  or 
that  in  all  the  different  solutions  tried,  the  one  varies  exactly  as 
the  other.  The  latter  might  accidentally  happen  for  two  solutions 
but  that  it  should  be  so  for  so  many  solutions  is  too  improbable  to 
be  considered.  If,  however,  we  have  the  thickness  and  the  dielec- 
tric constant  both  unchanged,  it  follows  that  we  have  practically 
the  same  chemical  constitution  for  all  these  solutions.  Of  course 
there  must  be  some  chemical  or  physical  differences  in  the  films 
to  account  for  the  differences  in  conductivity  and  critical  voltages. 
The  results  of  this  paper  seem  to  fit  in  best  with  the  theory  that 
the  films  in  all  the  water  solutions  are  made  up  of  aluminium 
hydroxide  full  of  pores,  and  that  the  variations  in  the  behavior  of 
the  films  as  we  go  from  one  electrolyte  to  another  are  due  to  the 
variation  in  the  size  or  number  of  such  pores. 

Central  University, 

Danville,  Ky.,  July,  1906. 

^  Mott,  Elect.  Chem.  Ind.,  2,  p.  444,  1904. 
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INFRA-RED   EMISSION   SPECTRUM   OF   BURNING 
CARBON   BISULPHIDE.^ 

By  W.  W.  Coblentz. 

"I  T  is  becoming  more  and  more  a  recognized  fact  that  the  infra-red 
-*•  spectrum  is  the  seat  of  great  disturbances  which  can  be  attrib- 
uted to  well-known  groups  of  atoms  or  *'  ions."  The  pioneers  in 
this  field  of  investigation  were  Angstrom  and  Julius.  Their  interest 
in  the  subject  dates  back  to  the  time  when  rock  salt  first  became 
recognized  as  a  means  for  producing  a  heat  spectrum.  The  disper- 
sion of  rocksalt  was  then  undetermined  beyond  5  (i,  and  in  order  to 
express  their  emission  and  absorption  bands  in  wave-lengths  they 
adopted  a  tentative  method  of  extrapolation,  which,  since  then,  has 
been  found  to  be  erroneous.  In  the  meantime,  data  on  infra-red 
spectra  have  continued  to  accumulate,  which  are  often  in  violent 
disagreement.  For  example,  carbon  disulphide  is  variously  quoted 
as  having  a  band  at  6,j  to  8.4  yte  while  the  true  value  is  about  6.8 /£. 
During  the  past  few  years  the  writer  has  attempted  to  determine 
the  values  of- the  maxima  of  absorption  and  emission  as  accurately 
as  possible  in  absolute  value  of  wave-lengths,  and  thus  bring  a  little 
harmony  out  of  this  chaos.  This  means  repeating  part  of  the  work 
in  order  to  get  a  check  upon  the  extrapolation.  One  of  the  most 
interesting  pieces  of  work  of  this  type  is  that  of  Julius  ^  who  found 
the  emission  spectra  of  gases  during  combustion.  It  contains  a  very 
considerable  amount  of  careful  work,  certain  parts  of  which  appear 
to  have  gone  quite  unnoticed  by  later  investigators.  It  is  of  no 
little  interest  for  it  contains  evidence  of  emission  bands  farther  in  the 
infra-red  than  subsequent  work,  along  other  lines,  has  been  able  to 
show.  These  bands  belong  to  the  acid  elements  and  appear  at  low 
temperatures,  u  e,,  they  do  not  appear  in  spark  (and  arc  ?)  spectra. 
This  is  just  the  opposite  of  what  the  writer  found  for  the  basic  ele- 
ments (metals)  in  which  no  emission  bands  were  found  beyond  2  fi, 

*  Extracts  from  a  memoir  submitted  to  the  National  Bureau  of  Standards  for  publication. 
2  Julius,  Licht  und  W&rmestrahlung  Verbranntcr  Gase,  Berlin,  1890. 
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Perhaps  this  may  eventually  give  us  some  clue  to  the  mechanism  of 
radiation.  We  have  two  sharp  distinctions  between  the  acid  and  the 
basis  elements.  The  metals  have  selective  absorption  in  the  short 
wave-lengths,  are  opaque  to  infra-red  rays,  and  no  emission  lines 
have  been  found  beyond  2  (i.  In  fact,  according  to  Pfliiger's  *  work 
the  maximum  of  the  emitted  energy  lies  in  the  short  wave-lengths 
beyond  the  visible  spectrum.  On  the  other  hand,  the  acid  elements 
have  bands  of  selective  absorption  throughout  the  spectrum  and 
have  emission  bands  extending  far  into  the  infra-red,  which  gener-^ 
ally  coincide  with  the  marked  absorption  bands.  The  question  of 
the  coincidence  of  these  emission  and  absorption  bands  in  CS,  led  the 
writer  to  undertake  the  present  work. 

A  previous  examination  of  the  absorption  spectra  of  gases*  showed 
very  marked  bands  in  SOj  which  were  in  quite  close  coincidence 
with  the  emission  lines  of  the  products  of  combustion  of  carbon 

1005C- 


Fig.  1. 

disulphide,  as  given  by  Julius.  The  transmission  spectrum  of  CS^, 
Fig.  I,  has  a  very  large  absorption  band  at  6.8 /i  (opacity  from  6.6 
to  7.0/1)  and  smaller  bands  at  4.6  and  11.65/i,  while  SOj,  Fig.  2, 
has  a  very  large  band  at  8.7 /i,  a  somewhat  narrower  band  at  7.4 /i 

»PflUger,  Ann.  der  Phys.  (4),  13.  p.  890,  1904. 
«  Physical  Review  20,  273,  1905. 
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and  several  small  bands ;  H^  has  a  series  of  small  bands  which 
need  hardly  be  considered  in  the  question  of  the  combustion  prod- 
ucts of  CSj.  In  Fig.  3  is  given  the  emission  curve  of  burning  CS^ 
In  curve  a  the  maximum  at  4.35 /^  is  drawn  to  the  same  scale  as 
the  rest  of  the  curve.     In  curve  b  the  bands  at  6.75  and  7.45  /i  have 

100<p 


been  magnified  ten  times  to  bring  out  the  sharpness  of  the  maxima. 
In  the  present  examination  the  lower  part  of  the  flame  was  examined. 
The  lamp  consisted  of  a  tin  lubricating-oil  can,  the  neck  of  which 
was  5  cm.  long,  to  prevent  heating  the  CSg  and  thus  avoid  an 
explosion.  Julius  (loc.  cit)  examined  the  upper  and  the  central 
parts  of  a  CSj  flame  and  found  that  for  the  central  region  the  maxi- 
mum at  6.75  II  is  more  intense  than  the  one  at  7.45  fi  while  for  the 
upper  region  the  7.45  fi  band  is  the  more  intense.  This  is  to  be 
expected  for  the  6.75  yte  band  is  evidently  due  to  hot  CSj.  In  the 
lower  part  of  the  flame  the  combustion  is  incomplete  and  hence  the 
hot  vapor  ought  to  be  more  intense  than  nearer  the  top  of  the  flame. 
In  the  present  examination  the  lower  part  of  the  flame  was  used,  and 
the  ratio  of  the  intensities  of  these  two  bands  is  still  greater  than 
that  found  by  Julius  ;  here  the  ratio  is  34  to  73  while  Julius  found 
a  ratio  of  16  to  22  for  the  central  part  of  the  flame  and  a  ratio  of  1 1 
to  8  for  the  top. 
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The  band  at  7.4  fx  is  in  common  with  the  absorption  band  of  SOj 
and  since  Julius  found  this  band  also  in  burning  sulphur,  it  no  doubt 
belongs  to  this  gas.  Then  the  interesting  question  arises,  "  Why 
is  there  no  emission  band  at  8.7  fx  ?"  The  question  must  be  left  un- 
answered. It  is  interesting  to  note,  however,  that  the  8.7/5/  band 
is  found  in  HjSO^,  and  in  sulphates,  and  appears  to  belong  to  the 
SO^  ion,  while  another  band  found  in  SO^  gas,  at  10.37  yte  occurs  in 
fuming  HjSO^  and  has  been  attributed  to  SO3,  by  Pfund.' 

The  bands  at  2.7/5/  and  4.35  fi  are  in  common  with  the  emission 
80). 


3       45        6       7       8~ 
Fig.  3.     Emission  Spectram  of  CS,. 

bands  of  COj  and  are  no  doubt  due  to  the  combustion  of  the  lamp- 
wick.^  This  is  one  of  the  few  examples  of  the  emission  of  a  heated 
gas  during  the  process  of  combustion.  Water  vapor  and  COj  are 
other  examples  studied  by  Rubens  and  Aschkinass.  Kayser  in  his 
Spectroscopy  very  aptly  remarks  that  the  emission  band  of  methane, 
CH^,  at  3.3  /"  has  never  been  observed  in  a  flame.  This  is  a  very 
weak  absorption  band,  however,  and  for  this  reason  might  not  ap- 
pear in  emission,  just  as  was  found  for  the  4.6  (i  band  of  CSj.  The 
6.75  fi  band  which  coincides  with  that  of  CS,  was  ascribed  to  COS 
by  Julius  who  records  its  maximum  in  wave-lengths  at  8.48  (i.  The 
7.45  fi  band  was  thought  to  be  at  lo.oi  (i.     The  emission  spectra 

1  Pfund,  Astrophys.  Jour.,  24,  p.  19,  1906. 
'  The  combustion  of  CS,  gives  CO,  and  SO,. 
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of  HjO  and  CO,  have  been  redetermined  by  others  and  ncfed  not  be 
mentioned  here.  It  will  be  sufficient  to  add  that  for  COj  the  max- 
imum of  emission  depends  upon  the  temperature.  Whether  this  is 
true  of  the  SOg  bands  remains  undetermined,  but  it  is  hoped  to  ex- 
amine this  point  in  the  near  future.  If  the  shifting  of  the  CO,  band 
is  really  due  to  dissociation  into  CO,  as  experiments  seem  to  indi- 
cate,' then  one  would  hardly  expect  a  similar  shift  for  SO,.  The 
only  other  emission  band  that  needs  correction  is  that  of  HCI  at 
3.68  II.  A  more  probable  value  is  4.05  fi  which  is  close  to  the  HCI 
band,  found  by  Angstrom  and  Palmer*  at  3.41  /i.  The  corrected 
value  is  3.98/5/. 

"Physical  Review  221,  1906. 

>Aeogstrdmaod  Palmer,  Ofvcrsigt  Kongl.  Vet  Akad.,  No.  6.  p.  389,  1893. 
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ON  THE  IONIZATION  OF  FUSED  SALTS.' 
By  H.  M.  Goodwin  and  H.  A.  Wkntworth. 
G>ntribntioDs  from  the  Research  Laboratory  of  Physical  Chemistry,  No.  XII. 

THE  following  investigation  was  undertaken  in  the  spring  and 
summer  of  1905  in  the  hope  of  contributing  something  to  our 
knowledge  of  the  applicability  of  the  well  established  laws  of  dilute 
solutions  to  fused  mixtures,  and  possibly  of  throwing  some  light  on 
the  question  of  the  constitution  of  salts  in  the  state  of  fusion. 

Investigations  bearing  upon  the  determination  of  the  degree  of 
dissociation  of  fused  salts  have  already  been  published,  but  the  re- 
sults obtained  are  meagre  and  cannot  be  regarded  as  conclusive. 
This  is  chiefly  due  to  the  peculiar  difficulties  inherent  in  the  problem 
which  are  not  encountered  in  aqueous  or  other  solutions  at  ordinary 
temperatures.  Aside  from  the  obvious  experimental  difficulties 
incident  to  working  at  high  temperatures  and  with  vessels  unat- 
tacked  by  fused  salts,  are  the  difficulties  arising  from  the  fact  that 
pure  fused  salts  are  in  general  such  excellent  electrolytic  conduc- 
tors ;•  although  their  conductivities  may  now  be  determined  with 
precision,*  transference  experiments  in  them  are  impossible,  since  no 
concentration  changes  occur  at  the  electrodes  during  electrolysis 
and  data  on  the  absolute  velocity  of  migration  of  ions  in  such  con- 
ductors are  at  present  entirely  wanting.  Direct  velocity  experi- 
ments with  fused  electrolytes  have  been  recently  attempted  in  the 
electrochemical  laboratory  of  the  Institute,  but  the  exceeding  diffi- 
culty of  the  problem  has  prevented  as  yet  the  obtaining  of  any 
satisfactory  results.  With  solutions  of  one  salt  in  another  the  rela- 
tions are  far  more  difficult  of  analysis  than  in  aqueous  solutions 
where  the  conductivity  of  the  solvent  may  practically  be  neglected. 
Here,  to  be  sure,  transference  experiments  are  possible  and  Lorenz  ' 

>  This  research  was  carried  out  under  a  grant  from  the  Wm.  E.  Hale  Research  Fund, 
to  the  trustees  of  which  grateful  acknowledgment  for  the  aid  furnished  by  them  is  hereby 
made. 

*  An  investigation  on  this  subject  is  now  being  carried  on  by  one  of  us,  the  results  ot 
which  will  be  published  shortly. 

'Zeit.  fUr  Electrochemie,  xo,  630,  1904. 
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has  made  a  first  attempt  in  this  direction  with  solutions  of  lead 
chloride  in  potassium  chloride,  his  results  pointing  to  more  complex 
relationships  than  had  been  supposed. 

The  most  promising  method  of  attacking  the  problem  of  the  dis- 
sociation of  one  fused  salt  in  another  seems  at  present  to  lie  in  the 
application  of  some  selective  ion-phenomenon,  /.  e,,  in  measuring 
some  quantity  which  depends,  so  far  as  we  know,  on  the  presence  of 
a  specific  molecular  or  ionic  complex.  Of  the  quantities  suitable 
for  this  purpose  the  electromotive  force  of  certain  voltaic  cells  com- 
posed of  fused  mixtures  lends  itself  best  for  determining  specific 
cation  concentrations,  provided  that  Nernst*s  theory  of  the  voltaic 
cell  is  applicable  to  combinations  of  this  type.  It  is  upon  the  re- 
sults of  electrometric  experiments  that  most  previous  work  on.  this 
subject  has  been  based  and  upon  which  the  present  investigation 
rests. 

The  first  experimental  work  bearing  upon  the  problem  under  con- 
sideration was  carried  out  by  Gordon  *  and  consisted  of  the  meas- 
urement of  the  electromotive  force  of  concentration  cells  of  the  type 


Ag 


c„  -  AgNO, 


3 

in 


KNO,  -I-  NaNO, 


c„-AgN03    ! 

in  '  Ag, 

KNOj-l-NaNO,! 


equimolecular  mixtures  of  sodium  and  potassium  nitrates  being  used 
to  give  a  solute  of  low  melting  point.  The  concentration  of  the 
silver  nitrate  was  varied  from  o.i  to  lOO  per  cent.  On  the  assump- 
tions, first,  that  Nernst's  formula  applies  to  cells  of  this  type,  second, 
that  the  electrolytic  solution  pressure  of  silver  is  independent  of  the 
solutions  in  question,  and  third,  that  the  dissociation  of  a  o.  i  per 
cent,  solution  of  silver  nitrate  may  be  regarded  as  complete,  Gordon 
calculated  that  the  dissociation  of  a  50  per  cent,  solution  of  silver 
nitrate  was  69  per  cent,  at  236°  C,  and  a  100  per  cent,  solution, 
i.  ^.,  pure  silver  nitrate,  was  58  per  cent,  dissociated.  While  the 
experimental  results  of  this  investigation  which  was  carefully  carried 
out  may  be  accepted,  certain  of  the  above  assumptions  on  which  the 
computations  rest  render  the  conclusions  open  to  question. 

» Gordon,  Zeit.  f.  Phys.  Chem.,  28,  302,  1896. 
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More  recently  the  same  problem  has  been  taken  up  from  a  slightly 
different  standpoint  by  Lorenz  and  his  pupils  at  Zurich.  Following 
an  extended  series  of  investigations  ^  on  decomposition  potentials 
and  on  the  electromotive  force  of  cells  composed  of  fused  salts, 
Suchy*  in  1901,  from  measurements  of  cells  of  the  type  computed 

AgCl 


Pb 


PbCl 


m 
I  LiCl  +  KCl 


Ag, 


the  dissociation  of  silver  chloride  in  a  lithium  and  potassium  chlo- 
ride mixture  as  follows  : 

Two  cells  of  the  above  type  differing  only  in  the  concentration  of 
silver  chloride  were  measured  at  temperatures  varying  from  500° 
to  650°  C.  The  concentrations  chosen  were  1.858  «  — AgCl  and 
0.035  n  —  AgCl  respectively.  If  the  observed  electromotive  force 
of  these  cells  at  corresponding  temperatures  be  Ey^  and  E^  respec- 
tively, and  Nemst's  formula  be  assumed  to  hold  for  each,  then 

1        ^      2F     Pp,       F       p,        2F     Pp,  ^  F       p^ 
or 

^  ^2 

in  which  c^  and  c^  are  the  silver-ion  concentrations  at  the  two  elec- 
trodes respectively.  If  ^j  —  £,  be  measured  and  the  value  of  r, 
known  or  assumed,  c^  may  be  calculated.  Suchy  assumed  that  the 
0.03  5 -normal  solution  of  silver  chloride  was  completely  dis- 
sociated, from  which  it  followed  that  the  computed  dissociation  of 
the  i.8-normal  solution  of  silver  chloride  at  600°  was  33  per 
cent.  From  measurements  of  a  similar  cell  in  which  pure  silver 
chloride  replaced  the  silver  chloride  solution  at  one  electrode,  values 
for  the  dissociation  of  the  pure  salt  at  various  temperatures  were 
also  computed.     They  varied  from  17  per  cent,  at  520°  to  60  per 

iCzepinski,  Zeit.   fUr  anorg.  Ch.,  19,  208,   1899.     Lorenz,  ibid.,   19,  283,  1899. 
Weber,  ibid.,  ax,  305,  1899.     Lorenz,  ibid.,  22,  241,  1900. 
« Suchy,  Zeit.  filr  anorg.  Ch.,  27,  152,  1901. 
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cent,  at  730°.  These  results  are  regarded  by  the  author  as  only 
first  approximations.  They  rest  on  the  following  assumptions : 
'(i)  That  a  0.035-normal  solution  of  silver  chloride  in  a  chloride 
mixture  is  completely  dissociated  (questioned  by  Lorenz  himself)*; 
(2)  that  the  electrolytic  solution  pressure  of  silver  may  be  regarded 
as  independent  of  the  solvent  for  solvents  as  widely  different  as 
fused  pure  silver  chloride  and  a  mixture  of  lithium  and  sodium 
chlorides  (see  discussion  by  Bodlander  and  Lorenz  )  ^ ;  (3)  that  the 
potential  difference  at  the  liquid  junction  is  negligible  —  an  as- 
sumption probably  well  founded ;  (4)  that  the  effect  of  a  common 
anion  in  the  solvent  on  the  dissociation  of  the  solute  may  be  neg- 
lected. This  last  assumption  seems  to  have  been  entirely  disre- 
garded in  all  previous  computations  of  the  kind  under  discussion. 

In  concluding  this  resume  of  previous  work  mention  should  be 
made  of  one  other  method  of  computation  of  the  order  of  magni- 
tude of  the  dissociation  of  a  fused  salt  suggested  by  Abegg,'  based 
on  the  assumption  that  the  decomposition  voltage  of  an  ion  is  in- 
dependent of  the  medium  in  which  it  is  dissolved.  Thus,  if  0.7  volt 
be  taken  as  the  decomposition  voltage  of  silver  chloride,  he  com- 
putes that  the  silver  ions  in  fused  silver  chloride  must  have  a  con- 
centration of  about  o.oi  normal. 

Beyond  these  investigations  little  has  been  accomplished  in  deter- 
mining the  degree  of  dissociation  of  fused  electrolytes.  It  was  with 
the  hope  of  obtaining  some  further  data  which  might  contribute 
towards  the  elucidation  of  this  problem  that  the  following  investi- 
gation was  undertaken,  particular  attention  being  directed  to  the 
possible  effect  of  the  dissociation  of  the  solvent  on  the  dissociation 

of  the  solute. 

Apparatus  and  Method. 

Furnaces,  —  For  carrying  out  the  experiments  described  below, 
we  required  two  furnaces,  both  of  which  were  of  the  electrical  re- 
sistance type.  The  principal  furnace,  in  which  the  measurements 
were  made,  was  constructed  of  four  porcelain  tiles  forming  the  in- 
side lining  of  a  rectangular  iron  box.  Through  holes  which  ex- 
tended from  the  top  to  the  bottom  edges  of  the  tiles,  were  threaded 

iZeit.  fUr  Anorg.  Chem.,  32,  246,  1902. 

<2^it.  fUr  Anorg.  Chem.,  31,  389,  1902 ;  3a,  235,  and  239,  1902. 

«  Zdt.  fOr  Chem.,  5,  353,  1899. 
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about  twelve  feet  of  No.  21  (B.  &  S.)  platinum  wire.  The  outside 
of  the  furnace  was  covered  with  asbestos  to  prevent  radiation  as 
far  as  possible. 

Within  the  furnace  was  placed  a  box  of  thin  cast  iron,  the  approxi- 
mate inside  dimensions  of  which  were  5.7  cm.  x  3.2  cm.  x  6.4  cm. 
deep.  This  formed  the  receptacle  for  a  bath  consisting  of  a  mix- 
ture of  fused  sodium  and  potassium  nitrates  with  a  small  amount  of 
silver  nitrate  added.  The  composition  of  this  bath  was  not  deter- 
mined exactly,  a  mixture  of  nitrates  being  used  simply  to  obtain  a 
low  melting  point.  Gordon  found  in  his  experiments  that  the  com- 
position of  the  intermediate  electrolyte,  connecting  the  halves  of  a 
concentration  cell,  had  no  effect  on  the  results.  The  bath  was  well 
stirred  by  a  glass  stirrer  driven  by  a  small  electric  motor,  and  was 
kept  covered  with  several  sheets  of  mica  to  prevent  excessive  radi- 
ation. The  surface  of  the  liquid  seemed  to  be  the  greatest  source 
of  heat  loss,  but  for  temperatures  below  500°  C.  this  was  not  ex- 
cessive, when  the  apparatus  was  well  shielded  from  air  currents. 
The  temperature  was  regulated  by  an  adjustable  rheostat  connected 
in  series  with  the  furnace,  and  could  be  maintained  constant  to 
within  2°  C,  as  long  as  desired. 

Another  large  platinum  resistance  furnace  was  used  for  melting  the 
salts  in  the  proper  cells  prior  to  plunging  them  into  the  above  de- 
scribed nitrate  bath  for  measurement.  This  was  constructed  by 
winding  about  three  meters  of  No.  28  platinum  wire  on  a  clay 
cylinder,  25  cm.  high  by  8  cm.  diameter,  previously  coated  with  pure 
magnesium  oxide ;  the  cylinder  was  then  heat  insulated  by  pack- 
ing it  with  a  layer  of  magnesia  ten  centimeters  thick.  It  was 
found  convenient  to  first  melt  the  salts  in  this  furnace,  as  the  glass 
vessels  usually  cracked  if  they  were  put  directly  into  the  fused  salt 
bath.  Both  furnaces  were  run  on  the  1 10  volt  D.C.  circuit  and  the 
heating  current  adjusted  by  rheostats. 

Temperature  Measurements, — Temperatures  were  measured  by 
a  platinum-rhodium  junction.  The  junction  was  inserted  in  the 
bath  between  the  two  parts  of  the  vessel  containing  the  fused  salts 
to  be  measured.  The  stirring  was,  however,  so  effective  that  all 
parts  of  the  bath  were  always  practically  at  the  same  temperature. 

The  temperatures  were  deduced  from  deflections  of  a  sensitive 
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d*  Arsonval  galvanometer  of  the  Le  Chatelier  type.  In  order  to  pre- 
vent changes  in  the  sensitiveness  of  the  galvanometer  due  to 
temperature  changes  in  the  room  from  time  to  time,  the  galvanom- 
eter was  enclosed  in  a  small  air  thermostat  built  up  of  asbestos  and 
magnesia  board,  the  mirror  being  observed  through  a  small  win- 
dow. As  great  precision  in  temperature  regulation  was  unnecessary 
in  this  investigation,  the  sensitiveness  of  the  galvanometer  was  so 
adjusted  that  one  degree  temperature  change  gave  a  deflection  of 
about  one  scale  division.  The  instrument  could  easily  be  read  to 
one  half  of  a  division,  hence  temperatures  could  be  measured  to 
one  half  a  degree  without  difficulty,  a  precision  greater  than  the 
work  really  demanded.  The  junction  was  calibrated  every  few  days 
throughout  the  work,  and  the  calibration  was  found  to  remain  very 
constant  The  following  points  were  taken  for  calibration  :  water, 
IOC®,  naphthalene  218°,  benzophenone  306°,  sulphur  445°.  The 
cold  junction  was  kept  always  at  zero  degrees  in  an  ice  mixture. 

Potential  Measurements,  —  Potentials  were  measured  by  the  usual 
Poggendorf  compensation  method,  by  balancing  them  against  a  fall 
of  potential  along  a  calibrated  slide  wire  bridge.  The  voltages  were 
repeatedly  checked  by  comparison  with  a  standard  Weston  cell 
and  a  Clark  cell  standarized  at  the  Reichsanstalt.  A  Lippmann 
.electrometer  sensitive  to  0.0003  volt  was  used  as  indicating  instru- 
ment. All  circuits  were  carefully  insulated,  and  to  prevent  any 
possible  leakage  from  the  no  volt  heating  circuit,  the  latter  was 
opened  before  each  potential  measurement. 

Form  of  Cell.  — The  cells  were  made  of  Bohemian  glass.  As  this 
does  not  begin  to  soften  until  about  800°  C,  it  was  sufficiently  hard 
for  all  temperatures  used  in  our  experiments,  which  did  not  exceed 
450°.  For  the  first  portion  of  the  work,  H-tubes,  9  cm.  in  length 
and  6.4  mm.  diameter,  having  an  inclined  cross  arm  of  small  tubing 
were  used.  This  cross  arm  was  filled  with  a  plug  of  prepared 
asbestos  which  was  found  to  completely  prevent  diffusion  of  the 
solutions  in  the  two  sides.  The  liquid-liquid  contact  came  well 
within  the  boundaries  of  the  plug.  The  H-tubes  were  immersed  to 
within  3  cm.  of  their  top,  in  the  fused  nitrate  bath,  their  contents 
being  thus  entirely  insulated  from  the  material  of  the  bath.  The 
greater  portion  of  our  work  was  carried  out  with  cells  of  this  kind. 
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Since,  however,  these  were  found  to  crack  rather  easily,  the  follow- 
ing modified  form  of  cell  was  used  in  some  of  the  later  work.  In 
this  the  two  electrodes  were  contained  in  separate  glass  tubes  drawn 
down  at  the  end,  as  in  the  experiments  of  Suchy  and  others,  elec- 
trolytic connection  between  them  being  made  by  means  of  the 
liquid  constituting  the  bath.  The  potentials  obtained  in  this  way 
were  found  to  check  exactly  those  obtained  with  the  closed  tubes. 
The  tubes  were  suspended  in  the  bath  so  that  the  level  of  the  liquid 
within  and  without  was  the  same.  To  prevent  convection  and  dif- 
fusion, the  ends  were  closed  with  asbestos  plugs. 

The  electrodes  consisted  of  fine  platinum  wires  heavily  plated  with 
pure  silver.  These  electrodes  were  scraped  and  washed  perfectly 
clean  before  using.  Similarly  prepared  electrodes  gave  concord- 
ant results.  The  electrodes  were  carefully  suspended  in  the  molten 
salts  and  served  also  the  purpose  of  stirring  the  latter. 

Preparation  of  Salts. — The  following  salts  were  used  in  our  ex- 
periments :  sodium,  potassium,  and  silver  nitrates  and  silver  chlorate. 
The  sodium  and  potassium  nitrates  were  recrystallized  until  free 
from  chlorides ;  **  C.P.'*  silver  nitrate  was  recrystallized  twice.  Silver 
chlorate  was  made  by  precipitating  barium  sulphate  from  a  hot  satu- 
rated solution  of  silver  sulphate,  with  barium  chlorate,  the  latter  being 
first  freed  from  all  traces  of  chloride  by  crystallization.  The  silver 
chlorate,  was  then  separated  from  the  slight  excess  of  barium  chlor- 
ate in  the  filtrate,  by  fractional  crystallization.  Silver  chlorate  sepa- 
rates out  as  beautiful,  long,  fine,  shiny  needles,  which  are  easily 
dried. 

Preparation  of  Mixtures. — All  salts  were  first  fused  and  cooled 
in  a  desiccator  before  the  final  weighing.  The  mixtures  were  then 
made  up  in  the  following  manner:  The  pure  fused  salts  were 
weighed  out  in  the  desired  proportions.  The  sodium  or  potassium 
nitrate,  as  the  case  might  be,  was  then  fused,  and  while  just  above 
its  melting  point,  the  silver  salt  was  added.  This  procedure  was 
followed  in  order  to  prevent  any  reduction  of  the  silver  salt  by  over 
heating  before  or  during  the  process  of  fusion.  It  was  found  that  the 
salts  of  the  silver,  when  once  in  solution,  could  be  kept  fused  far 
above  their  decomposition  points  without  any  apparent  reduction. 
For  example,  silver  chlorate  melts  at  about  230°  and  decomposes 
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at  about  270°  ;  but,  if  dissolved  in  95  per  cent,  of  sodium  nitrate, 
it  can  be  carried  above  350®  without  any  apparent  decomposition. 
After  adding  the  silver  salt,  the  mixture  was  thoroughly  stirred  and 
allowed  to  cool,  vigorous  stirring  being  continued  as  long  as  pos- 
sible. When  cold  the  mixture  was  broken  up  and  very  finely 
ground  in  a  mortar  until  different  samples  gave  the  same  analysis. 
If  the  mixtures  were  allowed  to  cool  without  continual  stirring,  a 
hard  crystalline  mass  was  obtained,  which  varied  in  appearance  as 
the  composition  changed.  The  mixtures  of  sodium  and  silver  nitrates 
solidified  in  a  coarsely  crystalline  mass  which  could  be  broken  up 
easily.  With  the  mixtures  of  potassium  and  silver  nitrates,  how- 
ever, the  texture  was  fine,  and  as  the  concentration  of  the  silver 
nitrate  approached  50  per  cent,  the  mass  became  extremely  hard, 
resembling  marble  in  appearance.  The  same  was  true  ol  silver 
chlorate,  although  the  mass  became  very  hard  with  only  a  small 
percentage  of  silver  chlorate  added. 

With  the  higher  concentrations  of  silver  nitrate,  the  salts  were 
analyzed  both  before  and  after  the  measurements,  but  with  mixtures 
containing  only  a  very  small  percentage  of  silver,  this  procedure 
was  not  practicable.  For  these  mixtures  the  salts  were  dried  care- 
fully and  the  proportions  made  up  by  weight,  the  conditions  tending 
to  cause  a  reduction  of  the  silver  salt  being  eliminated  so  far  as 
possible. 

Procedure,  —  The  general  procedure  for  making  a  potential  meas- 
urement was  as  follows :  The  two  mixtures  to  be  investigated  were 
put  into  their  containing  vessels  or  cells  and  placed  in  the  air-bath 
furnace  to  fuse,  this  bath  being  kept  just  above  the  melting  point. 
As  soon  as  the  salts  had  melted,  the  vessels  were  quickly  trans- 
ferred to  the  nitrate  bath  of  the  main  furnace,  which  had  previously 
been  brought  to  the  desired  temperature.  The  electrodes  were  then 
inserted,  the  mixtures  well  stirred,  and  the  measurements  begun. 
As  a  rule  the  electromotive  force  increased  rapidly  at  first,  reached 
a  maximum,  remained  constant  for  a  time  and  then  decreased  slowly. 
The  time  required  for  the  electromotive  force  to  reach  a  constant 
value  varied  somewhat  with  each  type  of  cell.  The  mean  of  a  series 
of  readings  taken  over  an  interval  of  five  to  ten  minutes  after  the 
electromotive  force  had  become  essentially  constant  was  taken  as 
the  observed  electromotive  force  of  the  cell. 


No.  I.]  IONIZATION  OF  FUSED  SALTS.  85 

Density  Determinations.  — In  order  to  calculate  the  concentration 
of  the  various  solutions  used,  in  terms  of  their  normality,  the  density 
of  the  salt  mixtures  had  to  be  determined.  The  following  method  was 
used :  a  cylinder  of  Brazilian  quartz  was  cut  from  a  crystal  parallel 
to  the  principal  axis,  and  used  as  the  sinker  of  a  Westphal  balance, 
a  set  of  weights  being  adjusted  so  as  to  correspond  to  its  volume. 
A  correction  for  its  expansion  with  the  temperature  could  be  made, 
as  the  coefficients  of  expansion  along  and  at  right  angles  to  the  prin- 
cipal axis  of  quartz  are  known.  The  sinker  was  suspended  in  the 
molten  salt  the  density  of  which  was  desired.  This  was  fused  in  a 
large  platinum  crucible  placed  in  the  larger  electric  furnace.  In 
certain  experiments  where  the  highest  precision  attainable  was 
desired  the  natural  quartz  sinker  was  replaced  by  a  fused  quartz 
cylinder,  this  material  being  preferable  on  account  of  its  very  small 
expansion  coefficient. 

The  densities  of  mixtures  of  silver  and  sodium  nitrates  were  all 
measured,  as  well  as  those  of  a  few  mixtures  of  silver  and  potassium 
nitrates.  For  solutions  of  silver  chlorate  in  sodium  nitrate  the  den- 
sities were  not  measured,  but  estimated,  it  being  assumed  that  for 
a  given  concentration  the  same  change  in  density  from  that  of  the 
pure  solute  (sodium  nitrate)  occurred,  as  in  the  case  of  silver  nitrate 
solutions.  This  seemed  justified,  as  the  densities  of  pure  silver 
nitrate  and  of  pure  silver  chlorate  were  found  to  be  very  nearly  the 
same,  and  the  concentration  of  all  solutions  investigated  was  not 
greater  than  5  per  cent.  This  assumption  does  not  introduce  an 
appreciable  error,  compared  with  the  precision  of  other  factors  of 
the  work. 

The  data  on  the  density  of  the  fused  salts  used  in  this  research 
are  not  inserted  in  this  paper  as  they  are  to  be  published  shortly  in 
connection  with  the  research  before  mentioned  on  the  conductivity 
of  fused  salts. 


Ag 


Investigations  of  Cells  of  the  Type 
AgNO,  in  N     O, 


AgNO,  in  NaNO.I 

|Ag. 


The  first  series  of  experiments  were  carried  out  on  cells  of  the 
above  type  which  are  identical  with  those  investigated  by  Gordon, 
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except  that  in  his  cells  a  mixture  of  sodium  and  potassium  nitrate 
was  used  as  solvent.  While  Gordon  in  his  experiments  chose  his 
solutions  of  concentrations  from  o.i  to  lOO  per  cent,  silver  nitrate, 
we  have  extended  the  experiments  to  diluter  solutions  to  which  the 
assumptions  underlying  the  application  of  Nemst's  formula  may 
with  more  probability  be  assumed  to  hold.  Experiments  have  also 
been  repeated  with  concentrated  solutions  in  order  to  determine  the 
limits  within  which  Nemst's  formula  applies. 

For  dilute  solutions  the  electromotive  force  of  the  above  cell  may 
be  written 

^     (Ag),'  ^'^ 

where  (Ag)i  and  (Ag)^  are  the  concentrations  of  the  silver  ions  in 
the  two  solutions  respectively.  Now  from  conductivity  measure- 
ments of  pure  fused  nitrates,  it  is  certain  that  both  the  sodium  and 
silver  nitrate  must  be  more  or  less  dissociated.  If  we  assume  that 
dissociation  in  a  fused  salt  takes  place  as  in  aqueous  solutions,  /.  ^., 
in  the  case  of  sodium  nitrate  according  to  the  equation 

NaNO,=  Na  +  Nb,, 

and  if  the  mass  action  law  applies  to  the  equilibrium  of  this  reaction, 
then  at  any  given  temperature 

^^ —  — ^^ —  =  constant. 

(NaNO,)  ^""^^"'' 

where  the  symbols  in  parenthesis  represent  the  concentrations  of  the 
respective  ions  and  undissociated  molecules.  If  to  this  nitrate  as 
solvent,  silver  nitrate  be  added  in  such  quantities  that  the  resulting 
solutions  are  so  dilute  with  respect  to  silver  nitrate  that  the  number 
of  NOj  ions  per  unit  volume  arising  from  its  dissociation  may  be 
neglected  compared  with  the  number  of  NO3  ions  resulting  from  the 
dissociation  of  the  solvent,  then,  over  the  range  of  concentrations 
to  which  this  assumption  applies,  the  total  number  of  NO3  ions 
present  may  be  regarded  as  practically  constant,  i,  e,,  we  may 
assume  (NO3)  =  const.,  and  hence  also  (Na)  =  const.  If  further  the 
silver  nitrate  dissolved  in  sodium  nitrate  dissociates  according  to  the 
equation 
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+ 


AgNO,  =  Ag  +  NO, 

we  have  for  a  given  temperature 

(Ag)  X  (NO),  ^    ^ 

(AgNO,)      ==^°"^^^- 

Since  by  supposition  (NO,)  =  constant  it  follows  that 

(Ag) 

from  which  by  proportion  we  obtain 

(Ag) 
(Ag)  +  (AgNO^ 

But  (Ag)  +  (AgNOg)  =  c  the  total  concentration  of  silver  nitrate 
dissolved  in  the  sodium  nitrate ;  hence  for  solution  (i)  we  have 

(Ag), 


=5  constant. 


and  for  solution  (2) 
therefore, 


=  constant. 


^— ^  =  constant, 


or  in  other  words  as  long  as  the  solutions  of  silver  nitrate  in  a  ni- 
trate are  dilute,  the  ratio  of  the  silver  ion  concentration  at  the  two 
electrodes  is  equal  to  the  ratio  of  the  total  silver  nitrate  concentra- 
tion of  the  solution.  The  formula  for  the  electromotive  force  may 
therefore  be  written 

E^^ln'-^  (2) 

and  hence  values  of  E  computed  on  the  basis  of  Nernst's  theory  and 
total  concentrations  of  silver  nitrate  should  agree  with  experimental 
results  if  the  mass  action  law  applies  to  cases  like  the  above,  and 
this  will  be  true  whether  the  dissociation  of  the  silver  nitrate  is  great 
or  small.  To  assume  complete  dissociation  for  the  solute  at  any 
given  concentration  because  of  a  close  agreement  between  observed 
values  and  values  computed  by  the  above  formula,  as  was  done  by 
Gordon  in  his  investigation  is,  therefore,  open  to  question. 
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We  have  tested  formula  (2)  over  a  range  of  concentrations  with 
the  results  given  below. 

Table  I. 

AgNO^  in  NaNOy 


Equivalent  Concentration 
of  AffNO,  at  400'^  C. 


0.00986 

0.00986 

0.00986 

0.06206 

0.5565 

0.5565 

0.5250 


0.06206 

0.06206 

0.1220 

0.1220 

0.1220 

0.00986 

0.04999 


Temperature. 


E 
(Observed). 


E= 


F 


In 


(Calculated). 


A 

Difference. 


350 
350 
337 
349 
340 
340 
329 


-0.1014 
-0.09% 
-0.1335 
-0.0370 
+0.0781 
+0.2094 
+0.1230 


-0.0986 

1     +0.0028 

-0.0986 

+0.0010 

-0.1320 

+0.0015 

-0.0362 

+  0.0008 

+0.0800 

-0.0019 

+0.2130 

,    -0.0036 

+0.1220 

1     +0.0010 

In  Table  I.  are  given  the  results  of  experiments  made  with  the 
diluter  solutions.  In  the  first  and  second  columns  are  given  the 
concentrations  of  the  silver  nitrate  solutions  expressed  (throughout) 
in  equivalents  per  liter  and  calculated  from  measurements  of  their 
density  and  percentage  composition  ;  in  the  third  column  is  given  the 
temperature  of  the  cell  at  the  time  of  the  measurement ;  in  the  fourth 
column  the  observed  electromotive  force  (taken  plus  from  solution 
(i)  to  (2));  in  the  fifth  column,  the  electromotive  force  calculated 
by  formula  (2),  and  in  the  last  column  the  difference  between  the 
observed  and  calculated  numerical  values. 

It  will  be  seen  that  up  to  half  normal  solutions  the  agreement  is 
practically  complete,  the  experimental  error  in  cells  of  this  type 
being  from  0.00 1  to  0.002  volt. 

Repladng  the  sodium  nitrate  by  potassium  nitrate  as  a  solute  we 
obtained  an  equally  good  agreement  between  calculated  and  ob- 
served values  ol  the  electromotive  force.  Thus  for  a  cell  in  which 
c^  =s  0.3205,  c^  =  0.0480,  /=  347°  C,  the  observed  value  of  £  = 
0.1003  volt  while  the  computed  value  was  0.1008  volt.  Over  this 
range  of  concentrations  therefore,  formula  (2)  holds  valid. 

When,  however,  the  concentration  of  the  silver  nitrate  exceeded 
about  0.5  normal  the  deviations  between  observed  and  calculated 
values  became  increasingly  greater  and  always  in  the  same  direction. 
This  will  be  seen  from  Table  II.  These  measurements  were  all 
carried  out  at  approximately  350°.     The  concentrations  (first  and 
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Table  II. 

AgNO^  in  NaNOy      Temperature  =  350°  C 


Equivalent  Concentration  '         KT ,     c,   L,     RT ,     c,    \ 

of  A0-NO  E  E=-^Ih — —\E=—,-ln-^-\ 

01  Agnv^a.  !  ._.     ^      .1  F       0.01  J*        0.01 

'  (Calculated).  1      Reduced.     { 

0.531 

0.531 

1.065 

1.780 

2.345 

4.63 

7.38 
13.20 
22.48^ 




(Observed) 

Ci 

0.0507 

0.1230 

0.0572 

0.1160 

0.0421 

0.1660 

0.1094 

0.1412 

0.0643 

0.1812 

0.0418 

0.2313 

0.684 

0.1066 

0.0668 

0.2502 

0.273 

0.1963 

o.ox 


(Ag), 
(Ag)..7 


0.0875 

0.2105 

0.0908 

0.2068 

0.0752 

0.2412 

0.1258 

0.2670 

0.1000 

0.2810 

0.0758 

0.3071 

0.2213 

0.3279 

0.1003 

0.3505 

0.1957 

0.3720 

53 

55 

53 

53 

107 

100 

178 

159 

235 

199 

463 

331 

738 

528 

1320 

764 

2250 

1100 

second  columns),  were  as  before  computeci  from  (density  determina- 
tions of  the  solutions  in  question.  The  third  column  contains  the 
mean  value  of  the  observed  electromotive  force.  In  the  fourth  column 
are  given  the  computed  values  of  the  electromotive  force  of  similar 
cells,  the  diluter  solutions  of  which  are  always  o.oi  normal,  and  the 
more  concentrated  solutions  of  which  are  c^  respectively.  As  c^  is  in 
every  case  (except  one,  0.68)  less  than  0.5  normal,  these  values  may 
be  accepted  as  correct  as  just  shown  by  the  above  results  in  Table  I. 
If  therefore  these  electromotive  forces  be  added  to  the  corresponding 
observed  value  of  E  for  cells  in  which  c^  is  the  diluter  concentration, 
we  obtain  the  electromotive  force  of  cells  in  each  of  which  the  diluter 
solution  is  0.0 1  normal  and  the  more  concentrated  solution  c^  respec- 
tively. This  assumes  that  the  liquid  junction  potentials  are  negli- 
gible. All  cells  may  thus  be  referred  to  a  common  concentration, 
namely  o.oi  normal.  The  computed  value  of  the  ratio  of  the  con- 
centration cjo.oi  for  each  of  the  cells  is  given  in  column  six,  while 
the  ratio  of  the  silver  ion  concentration  (Ag)i/(Ag)o.oi  as  computed 
from  formula  (i)  is  given  in  the  last  column.  It  is  seen  that  in 
passing  from  solutions  0.5  normal  those  of  greater  concentration  the 
computed  and  observed  ratios  begin  to  deviate  with  increasing  rapid- 
ity, the  ratio  of  the  silver  ions  being  less  than  the  ratio  of  the  total 
silver  nitrate  concentrations.  This  is  what  theory  wotild  lead  us  to 
expect  as  soon  as  the  concentration  of  the  NO3  ions  coming  from 

J  Pure  silver  nitrate. 
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the  silver  nitrate  itself  is  no  longer  negligible  compared  with  the 
concentration  of  NO,  in  the  solute.  Until  however,  we  have  further 
data  on  the  degree  of  dissociation  of  the  latter  and  are  thereby  in  a 
position  to  compute  its  effect  on  the  dissociation  of  an  added  nitrate, 
dissociation  values  computed  from  the  last  two  columns  of  Table  II., 
can  have  but  little  significance.* 


'AgC10,in  NaNO, 
Ag,  ' 


Cells  of  the  Type 

AgClO,  in  NaNOj 


Ag. 


We  next  investigated  a  concentration  cell  in  which  the  solute 
and  solvent  had  no  ion  in  common.  Silver  chlorate  was  chosen  as 
solute  and  sodium  nitrate  as  solvent.  For  this  cell,  the  conclusion 
arrived  at  in  the  discussion  of  the  preceding  cells,  namely  that  for 
dilute  solutions  the  ratio  of  Ag-ion  concentration  and  total  concen- 
tration at  the  two  electrodes  is  the  same,  no  longer  holds ;  for  an 
interchange  of  ions  between  solvent  and  solute  probably  takes  place 
according  to  the  reaction 

AgClOj  +  NaNOj  =  AgNO,  +  NaClO, 

some  undissociated  silver  nitrate  and  sodium  chlorate  being  formed. 
If  the  amount  of  undissociated  silver  nitrate  thus  formed  is  appreciable, 
the  concentration  of  silver  ions  will  not  be  equal  simply  to  the  concen- 
tration of  AgClO,  multiplied  by  its  percentage  dissociation,  but,  de- 
pending upon  the  quantity  of  undissociated  silver  nitrate  formed  will 
be  less  than  this.  We  should  expect,  therefore,  that  the  computed 
ratio  of  the  silver  ion  concentration  in  a  concentration  cell  of  this  type 
would  not  be  equal  to  the  concentration  ratio  of  the  dissolved  salt 
even  in  dilute  solutions,  but  would  be  less.  This  was  in  fact  found 
to  be  the  case  as  the  results  in  table  III.  clearly  show.  Here  it  will 
be  seen  that  all  values  of  the  electromotive  force  calculated  on  the 

RT     c 
basis  of  the  formula  E  =  -  -  In  -i ,  where  c.  and  c^  are  the  total  con- 

F       c^  '  ' 

centrations  of  the  solutions,  are  in  every  case  greater  than  the  ob- 

1  Since  this  paper  went  to  press,  the  third  part  of  Professor  Ix>renz*s  work  on  the 
<' Elektrolsye  Geschmolzener  Salze  "  has  reached  me  and  I  note  that  he  has  come  to 
this  same  conclusion. 
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Equivalent  of  Concentration 
of  A^IO,. 

Temperature. 

(Obaerved). 

(Ca]culate<r). 

A 
Difference. 

^i 

^t 

0.0756 

0.0358 

349 

0.037 

0.040 

-0.003 

0.07S6 

0.0235 

332. 

0.053 

0.060 

-0.007 

0.0756 

0.0235 

345 

0.053 

0.061 

-0.008 

0.294 

0.0235 

345 

0.116 

0.136 

-0.020 

0.294 

0.0235 

357 

0.116 

0.136 

-0.020 

0.493 

0.0756 

356 

0.095 

0.101 

-0.006 

served  values,  by  amounts  considerably  in  excess  of  the  experi- 
mental error.  Over  this  same  range  of  concentration,  with  silver 
nitrate  as  solute,  the  agreement  between  observed  and  calculated 
values  was  complete.  The  difference  between  observed  and  com- 
puted values  indicates  either  that  the  dissociations  of  silver  chlorate 
changes  (diminishes)  rapidly  with  increasing  concentration,  or  that 
the  effect  of  the  reaction  between  solvent  and  solute  results  in  the 
formation  of  a  very  considerable  amount  of  undissociated  silver 
salt.  In  either  case  it  seems  reasonable  to  conclude  that  the  dis- 
sociation of  the  chlorate  is  by  no  means  complete  or  even  ap- 
proaching 100  per  cent,  at  the  concentrations  investigated. 

In  view  of  the  present  state  of  our  ignorance  of  the  absolute 
value  of  the  dissociation  of  any  fused  salt  in  even  dilute  solutions, 
it  seems  to  us  premature  to  attempt  to  conclude  more  from  the 
above  experiments  than  that  Nemst's  theory  of  the  cell  and  the 
laws  underlying  the  mutual  effect  of  one  ionized  salt  on  another 
hold  for  salts  in  the  molten  state  as  well  as  in  aqueous  solution. 
These  conclusions  seem,  however,  well  established  by  the  above  ex- 
periments, and  hence  the  great  importance"  which  must  be  attached 
to  the  effect  of  the  ionized  portion  of  the  solvent  on  the  ionization 
of  the  solute  in  cases  of  fused  inorganic  mixtures.  The  analogue 
in  aqueous  solutions  is  to  be  found  in  hydrolytic  phenomena  at 
very  high  temperatures  when  water  itself  becomes  much  dissociated. 
As  soon  as  the  degree  of  dissociation  of  fused  silver  nitrate  or 
chlorate  has  been  once  independently  established,  the  above  meas- 
urements will  afford  data  for  the  computation  of  their  dissociation 
at  various  other  concentrations. 
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An  attempt  is  being  made  at  the  present  time  to  obtain  from 
electrometric  measurements  on  another  type  of  cell  the  value  of  the 
dissociation  constant  of  one  of  the  salts  used  in  the  preceding  ex- 
periments and  it  is  hoped  that  shortly  we  may  be  able  to  state  more 
definitely  than  at  present  whether  the  high  conductivity  of  fused 
electrolytes  is  due  to  a  great  migration  velocity  of  their  ions  result- 
ing from  the  high  temperatures  to  which  they  are  subjected,  or  to  a 
high  degree  of  dissociation  as  has  been  usually  assumed. 

Research  Laboratory  of  Physical  Chemistry, 
Massachusetts  Institute  of  Technology. 
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ENERGY   NECESSARY   TO   IONIZE  A  MOLECULE   BY 
IMPACT   OF   NEGATIVE   IONS. 

By  Bergen  Davis. 

AS  is  well  known,  if  a  sufficient  electrical  intensity  be  applied  to 
.  an  ionized  gas,  all  the  ions  produced  by  .the  external  ionizing 
agent  will  be  driven  out  and  the  saturation  current  will  be  obtained. 
If  now  the  electrical  intensity  be  greatly  increased,  the  current  will 
also  be  increased.  Prof.  J.  S.  Townsend^  has  shown  that  this 
increase  of  current  is  due  to  the- production  of  new  ions  by  collision 
of  the  ions  already  present  with  the  neutral  molecules  of  the  gas. 

An  ion  moving  freely  under  a  given  electrical  intensity  will  have 
acquired  a  certain  kinetic  energy  at  the  end  of  a  given  path.  If 
the  kinetic  energy  possessed  by  an  ion  at  the  instant  of  impact  is 
greater  than  the  least  energy  necessary  to  bombard  an  electron 
from  a  molecule,  ionization  may  occur. 

In  an  early  paper  Townsend  gives  a  method  of  calculating,  from 
the  increase  of  current,  the  least  number  of  volts  through  which  an 
ion  must  freely  run  in  order  to  acquire  sufficient  energy  to  produce 
ionization  by  impact.  The  difficulty  of  using  the  method  there  de- 
vised, on  account  of  a  series  whose  terms  must  be  separately  calcu- 
lated for  each  case,  has  led  the  writer  to  develop  a  theory  that 
will  enable  one  to  calculate  the  energy  of  ionization  directly  and 
with  considerable  ease. 

I.  Professor  Townsend  gives  the  following  theory  for  determin- 
ing the  number  of  new  ions  which  one  ion  produces  in  moving  one 
centimeter  through  a  gas  : 

Assume  the  original  ions  to  have  a  volume  distribution  through- 
out the  gas.  Let  a  force  X  be  applied  to  N^  negative  ions  in  a  gas 
at  pressure  /,  and  let  N  be  the  total  number  of  ions  after  the  N^ 
ions  have  traversed  a  distance  x, 

» Townsend,  Nature,  Vol.  LXIl.,  August  9,  1900;  Phil.  Mag.,  Feb.,  1901  ;  Phil. 
Mag.,  June,  1902;  Phil.  Mag.,  Nov.,  1903;  Phil.  Mag.,  March,  1905.  Townsend  & 
Kirkby,  Phil.  Mag.,  June,  1901. 
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The  number  of  negative  ions  produced  by  N  ions  through  a  dis- 
tance dx  will  be  aNdx,  where  a  is  the  number  produced  by  one  ion 
in  going  one  centimeter. 

Then 

dN^  oNdxN 
and 

N^N^e\  (I) 

Let  nj,  ions  be  distributed  between  two  plates  at  a  distance  / 
apart,  and  an  electrical  intensity  X  be  applied  to  them. 
The  number  of  ions  C  that  arrive  at  the  positive  plate  is 


C-  =  £«,^rf^  =  J(^-i) 


and  the  ratio  of  this  number  to  the  original  number  is 
If  C^  denote  the  original  saturation  current 

C^^if^-X).  (2) 

By  the  application  of  this  formula  to  experimental  data  Townsend 
has  determined  the  values  of  a,  in  case  of  air,  for  a  number  of  pres- 
sures and  for  various  electrical  intensities. 

Some  of  these  values  of  a  are  given  in  the  second  column  of 
Table  II.  of  this  paper. 

2.  The  above  investigation  considers  the  ionization  to  be  due 
to  impact  of  negative  ions  only.  In  a  later  paper  (Phil.  Mag., 
November,  1903),  Townsend  shows  that  the  positive  ions  may  also 
produce  ionization  by  impact. 

In  these  experiments  the  original  n^  ions  did  not  have  a  volume 
distribution,  but  were  liberated  from  the  negative  zinc  electrode  by 
the  action  of  ultra-violet  light. 

By  an   investigation  somewhat  similar   to  the  previous  one  he 

shows  that. 

n      (a  —  ^)^(*-^^« 


a  — ^^' 


ia-fi^a 


(3) 


Where  a  is  the  number  of  ionizing  impacts  made  by  a  negative 
ion  in  going  a  distance  of  one  centimeter  under  an  electrical  inten- 
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sity  Xy  and  ^  is  the  number  of  ionizing  impacts  made  by  a  positive 
ion  in  going  the  same  distance  under  the  same  force. 

The  values  of  a  as  calculated  from  the  experimental  results  in 
air  are  given  in  the  second  column  of  Table  III.  of  this  paper. 
Having  thus  obtained  experimental  values  of  a  and  the  correspond- 
ing values  of  the  electrical  intensity  X,  a  theory  will  be  here  devel- 
oped that  will  enable  one  to  readily  calculate  the  least  ionizing  path 
of  an  ion  when  driven  by  a  given  electrical  intensity.  The  ionizing 
path  will  depend  upon  the  character  of  the  collision  between  an 
ion  and  a  neutral  molecule.  The  path  X^  determined  in  this  inves- 
tigation will  be  that  ionizing  path  which  an  ion  has  when  it  makes 
normal  impact  with  a  molecule  and  loses  all  its  momentum.  The 
value  o{  X\  will  then  be  the  least  number  of  volts  through  which 
an  ion  must  move  to  produce  ionization  in  the  most  favorable  case. 

Theory. 
Consider  a  gas  with  an  ion  moving  through  it  under  an  electrical 
intensity  X,  Let  a  be  the  number  of  ionizing  collisions  which  the 
ion  makes  in  going  one  centimeter.  If  /  is  the  mean  free  path  of 
this  ion,  then  the  number  of  collisions  of  all  kinds  that  this  ion 
makes  will  be  i//  in  going  one  centimeter.  Let  \  be  the  least  path 
that  may  produce  ionization,  then  according  to  the  kinetic  theory 
of  gases.^ 

J       __Ao 

expresses  the  number  of  paths  that  are  greater  than  l^.  But  all 
paths  that  are  greater  than  \  will  not  necessarily  produce  ionization, 
as  the  production  of  new  ions  will  depend  on  the  nature  of  the  im- 
pact as  well  as  the  length  of  path.  Some  of  the  impacts  will  be 
normal  to  the  surface  of  a  molecule,  while  in  many  other  cases  the 
ions.will  strike  glancing  blows.     The  actual  ionizing  impacts  will  be 


I    - 


Ao+ar 


7^  "'   (/)•  (4) 


Where  x  is  any  length  in  addition  to  X^  which  may  vary  from  o  to 

00 ,  and  (/)  is  the  fraction  of  the  paths  greater  than  (l^  +  x)  that 

result  in  ionization. 

1  Meyer,  Kinetic  Theory  of  Gases. 
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Assume  a  molecule  to  be  spherical  in  form,  and  consider  that 
ionization  will  take  place  if  the  kinetic  energy  due  to  the  normal 
component  of  the  velocity  of  the  moving  ion  is  equal  to  or  exceeds 
the  minimum  energy  of  ionization  w  =  XeX^,  The  ion  when  it  strikes 
the  molecule  must  move  within  the  cylinder  ABCD  (see  Fig.  i). 
If  it  moves  along  some  path  not  in  line  with  the  center  as  nm  for 
instance  the  kinetic  energy  due  to  the  normal  component  'of  the 
velocity  must  equal  or  exceed  Xel^  in  order  to  produce  ionization. 
Its  actual  energy  is  Xe{X^  +  x)  where  ;r  is  a  path  additional  to  X^, 


Fig.  1. 

Let  V  be  the  actual  velocity  of  the  ion  at  end  of  path  {l^  +  x\  the 
normal  component  of  its  velocity  will  be 

v^^=iV cos  9, 

The  kinetic  energy  due  to  the  normal  velocity  will  be 

\mv^  =  \mv^  cos'  9, 

\mv'^Xe{X,  +  x\ 
XeX^  =  Xe(X^  +  x)  cos'  d. 


But 
and 

By  (5) 

From  which 


(5) 


sin*  9  = 


X^  +  x 


(6) 


The  ion  must  strike  the  molecule  within  the  cylinder  ABCD. 
The  probability  of  its  striking  within  any  angle  6,  is  as  the  ratio  of 
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the  area  of  base  of  cylinder  on  the  segment  contained  in  angle  d  to 
the  area  of  base  of  large  cylinder.  The  area  of  base  of  the  small 
cylinder  is  nt^  =  Ttcf"  sin*  Qy  and  the  area  of  base  of  large  cylinder  is 
Tra*.     The  probability  of  the  impact  occurring  within  the  angle  d  is 

Tzc?  sin*  9 


Tiar 


:sin*^. 


This  angle  9  is  such  that  when  an  ion  has  traversed  a  path 
{X^  +  X)  its  angle  of  impact,  if  it  ionizes,  must  be  equal  to  or  less 
than  9. 

The  fraction  (/)  of  all  the  impacts  that  produce  ionization  is  thus 
equal  to  sin*  9  and  equation  (4)  becomes 

I     >>+» 
a  =  ^^     '    sin*^.  (7) 


Introducing  (6),  the  above  becomes 

I    _^+* 


a  = 


=  -/»     ' 


X^  +  x 


(8) 


As  the  ion  traverses  a  distance  dxyx^X.  beyond  a  path  {I  +  x)  the 
number  of  ionizing  collisions  will  be 

I   _^+*     X     dx 

I  ^0  +  ^  ' 

The  number  of  ionizing  collisions  which  an  ion  makes  in  going 

one  centimeter  will  be 

I  p  _^     X     dx  ,  V 

/Jo  K  +  x  I 

This  expression  is  not  integrable  in  finite  terms,  but  is  given  by 
De  Haan  *  in  the  following  form  : 

which  may  be  written 

a/-.-V^'^  (-'/).  (M) 

1  Bierens  de  Haan,  Verk.  K.  Akad.  y-w  D1.,  II.,  blad  19. 
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This  is  the  final  equation  which  is  applied  to  the  experimental 
values  of  a  as  obtained  by  Townsend  and  others. 

The  values  of  the   ponential  integral  -fi'l  — -^  iwere  obtained 

from  tables  by  Dr.  W.  Laska  {Sammlung  von  Formeln),     The  rela- 
tion between  al  and  succeeding  values  of  X^\l  are  given  in  the  table 

below : 

Table  I. 


A, 

V 

./ 

i          Ao 

o/- 

.04 

.8536     1 

1          ^-^ 

.0731 

.06 

.804      1 

'       2 

.0375 

.1 

.7247      , 

1    \ 

.0106 

.14 

.656 

.0032 

.2 

.574 

5 

.00099 

.25 

.518 

6 

.00032 

.3 

.496 

7 

.000142 

.4 

.3893 

8 

.000034 

.6 

.2762 

9 

.0000114 

.8 

.2008      1 

10 

.00000387 

1 

.1485      1 

Practical  use  of  equation  (i  i)  can  be  made  by  plotting  Table  I. 
in  a  curve  on  a  large  scale  with  the  abscissae  representing  succeed- 
ing values  of  XJ/  dLtid  the  ordinates  representing  the  corresponding 
values  of  al.  By  means  of  this  curve  any  value  ofX^jl  correspond- 
ing to  any  given  value  of  al  may  be  obtained. 

The  test  of  the  validity  of  such  a  theory  is  that  it  should  give  a 
constant  value  of*  XX^  for  all  pressures  and  for  all  electrical  inten- 
sities. The  equation  contains  two  unknown  quantities^  the  mean 
free  path  /  of  an  ion  and  the  least  ionizing  path  X^,  The  mean  path 
/  is  a  constant  for  any  one  pressure  and  varies  inversely  as  the  pres- 
sure. The  path  X^  depends  both  on  the  pressure  and  on  the  elec- 
trical intensity. 

The  third  columns  of  Table  II.  are  calculated  by  means  of  equa- 
tion (ii)  from  values  of  a  obtained  by  Townsend  (Phil.  Mag.,  Feb- 
ruary, 1901)  from  experiments  in  which  the  ionization  is  considered 
as  due  to  the  impact  of  negative  ions  only. 

'     The  values  of  XX^  are  as  nearly  constant  as  the  nature  of  the  ex- 
perimental determinations  of  a  could  lead  one  to  expect.    The  values 
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Table  II. 

Air, 


Pressure  4.13  mm. 

/  =  .0X1  cm. 

Pressure 

a  xa  mm. 

/=.09X5cm. 

X 

a 

-VAo 

X 

a 

AAo 

200 

.5 

7.7 

160 

.9 

8.6 

320 

2.1 

8.45 

240 

2.35 

8.93 

480 

5.3 

8.8 

400 

6 

9.3 

640 

8.9 

9.1 

560 

9.5 

9.46 

Mean  =  8.5          | 

Mean  =  9.07 

Pressure  x.x  mm. 

/=.04i5  cm. 

Pressure 

.385  mm. 

/=  .XX84  cm. 

120 

1.1 

1          9.24 

120 

2 

9.9 

160 

2 

9.34 

200 

3.4 

9 

320 

5.5 

'         9.5 

320 

4.5 

8.96 

400 

8 

1         9.54 

480 

5.4 

8.63 

Mean  =  9.4         | 

Mean  =  9.12 

Pressure  171  mm. 

/=.i66cm. 

40 

.65 

9.45 

80 

1.35 

9.3 

160 

2.2 

8.25 

320 

2.65 

9.5 

Mean  =  9. 12 

of  /  given  in  the  above  tables  were  those  values  that  would  make 
XX^  most  nearly  constant,  preserving  the  relation  that  /  shall  vary  in- 
versely as  the  pressure.  The  mean  free  path  of  a  molecule  of  air 
at  room  temperature  and  atmospheric  pressure  is  very  closely  lo"* 
cm.,  and  i.i  mm.  pressure  it  is  .007  cm.  The  value  of  /  that  satis- 
fies equation  (ii)at  i.i  mm.  pressure  is  /=.04IS  cm.  From  which 
it  is  found  that  /  is  six  times  the  ordinary  mean  free  path  of  a  mole- 
cule at  the  same  pressure.  This  very  large  mean  free  path  of  the 
negative  electron  may  be  explained  by  two  well  known  deductions 
made  by  Maxwell  from  the  kinetic  theory  of  gases  :  {d)  If  among 
molecules  having  distributed  speeds  there  is  one  molecule  that  moves 
continuously  with  a  speed  of  higher  order  than  that  of  the  other  mole- 
cule, this  molecule  will  have  a  mean  free  path  ^/2  greater  than  the 
mean  path  of  the  other  molecules,  (p)  If  among  molecules  of  a 
given  size  there  is  a  particle  negligibly  small  in  comparison  with  the 
other  molecules,  this  particle  will  have  a  mean  free  path  four  times 
that  of  the  molecule. 
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It  can  readily  be  shown  that  the  negative  electron  moving  in  the 
electric  field  here  applied  has  a  velocity  at  the  end  of  its  free  path 
more  than  a  thousand  times  the  mean  speed  of  a  molecule.  From 
which  it  immediately  follows  that  the  mean  free  pafli  of  an  electron 
is  6/%/ 2  =  4.25  times  that  of  a  molecule  for  the  same  velocity  con- 
ditions. This  ratio  of  paths  (4.25)  agrees  very  well  with  the 
theoretical  value  o{  four  referred  to  above. 

III.  The  values  of  a  given  in  Table  II.  were  obtained  from  ex- 
periments in  which  the  ionization  was  considered  as  due  to  impact  of 
negative  ions  only. 

In  a  later  paper  (Phil.  Mag.,  November,  1903)  Townsend  de- 
scribes some  experiments  from  which  it  is  shown  that  the  positive 
ions  may  also  produce  ionization  by  impact.  The  values  of  a  as 
calculated  by  means  of  the  corrected  theory  given  in  his  later  paper 
will  necessarily  be  somewhat  different  from  those  in  which  the  whole 
increase  of  current  was  considered  to  be  due  to  the  impact  of  nega- 
tive ions  only.  Experimental  data  are  given  in  the  above  paper  for 
Air  and  Hydrogen.  The  second  columns  of  Table  III.  give  the 
values  of  a  as  obtained  in  air  for  various  pressures  and  electrical  in- 
tensities. The  third  columns  contain  the  corresponding  values  of 
XX^  as  calculated  by  meansof  equation  (11). 

Table  III. 

Air, 


Pressure  a  mm.    /=  .oaaS  cm, 


Pressure  x  mm.    /.  =0456. 

X 

a 

XXo 

350 
437 
525 

5.25 

6.3 

7.27 

11.4    volts. 
11.45     " 
11.49    " 

Pressure  .66  mm.      /=  068  cm. 

350 
437 
525 

4.8 

5.56 

5.9 

11.55  volts. 
12.23    " 
13.6      " 

Table  IV.  contains  similar  calculations  for  the  impact  of  negative 
electrons  in  hydrogen. 

More  recently  H.  E.  Hurst  (Phil.  Mag.,  April,  1906)  has  deter- 
mined the  values  of  a  for  nitrogen  and  carbon-dioxide.     I  have 
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applied  equation  (i  i)  to  his  values  of  a  also.     The  results  are  given 
in  the  following  tables  : 

In  the  case  of  air  (Table  III.),  of  hydrogen  (Table  IV.)  and 

Table  IV. 

Hydrogen, 


Pressure  8  mm. 

/=>  .0x047  cm. 

Pressure  4  mm. 

/  =  .oaog  mm. 

X 

a 

^Ao 

X 

a 

X\. 

525 

700 

1050 

5.28 
8.86 
14.8 

9.4    volts. 
9.73     " 
10.5      " 

350 
525 
700 

4.43 

7.4 

9.6 

10.5  volts. 
10.4     " 
11.7     ** 

Pressure  a  mi 

n.      /  =  .04x9. 

262 
350 

3.7 
4.8 

10.5 
11.7 

Table  V. 

Nitrogen, 


Pressure  16  mm. 

/=  .00385  cm. 

X 

a 

-^0 

700 

.32 

10.13  volts. 

Pressu  re  4  mm .    /  =  .ox  X4. 


350 

1.35 

10.8    volts. 

525 

3.83 

n.28    " 

700 

7.08 

n.4    " 

Pressure  x  mm.    /=  .0456. 


350 
525 


4.42 
6.41 


10.77  volts. 
13.1      " 


Pressure  8  mm.    /  =  .0057. 


^ 

a 

AXo 

350 

.17 

10     volts. 

Pressure  a  mi 

m.    /=.03a8. 

350 
525 

3.54 
7.19 

10.5  volts. 
11        " 

Table  VI. 

Carbon  Dioxide, 


Pressure  4  mm.     /  =  .0x17  cm. 

X 

a          1                  AAo 

350 
700 

2.47                9.1  volts. 
9.28               9.9    " 

Pressure  x  mm.     /  =  .0468. 


700 

10.68 

8.8  volts. 

875 

1L83 

8.9     ** 

1,050 

12.68 

n.1     " 

Pressure  a  mm.    /  =  .0334. 

X 

a 

^A. 

700 
1,400 

1L3 
2L21 

10.5  volts. 
9       ** 

Pressure  .5  mm.    /  =  .0936. 


525 
700 
875 


6.41 
6.74 
7.5 


9.8  volts. 
10.3     " 
9.3     ** 
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nitrogen  (Table  V.),  the  only  values  of  /  that  would  make  XX^  nearly 
constant  for  the  various  pressures  and  electrical  intensities  were  / 
equal  to  6/^/2  times  the  mean  free  path  of  a  molecule  for  any 
pressure  and  the  same  conditions  of  velocity.  In  the  case  of  carbon 
dioxide  (Table  VI.)  the  only  values  of  /  that  would  make  X\  con- 
stant were  /  equal  to  9/^^2  times  the  mean  free  path  of  a  molecule 

for  the  same  velocity. 

Conclusion. 

The  values  of  X\  given  in  Table  II.  although  nearly  constant 
among  themselves  differ  somewhat  from  those  values  for  air  given 
in  Table  III. 

This  disagreement  is  to  be  expected,  since  the  values  of  a  for  air 
given  in  Table  II.  were  obtained  by  means  of  a  theory  that  neglected 
the  ionization  due  to  the  impact  of  positive  ions.  In  Table  III. 
the  ionization  due  to  the  impact  of  positive  ions  is  allowed  for  and 
the  values  of  a  there  given  are  probably  more  nearly  the  true  values 
for  those  pressures  and  electrical  intensities. 

The  mean  results  obtained  are  given  in  the  table  below : 


Qas. 


Air. 

Nitrogen. 
Hydrogen. 
CO,. 


R 

x\^ 

AX.r 

4.25 

11.8  volts. 

1.22  X  10-»i  ergs. 

4.25 

11        ** 

1.14  X10-" 

4.25 

10.55  " 

1.09X10-'i 

6.38 

9.67  " 

1.0   X10-" 

The  charge  e  is  here  taken  as  3.IX   io~*^  E.S.  (H.  A.  Wilson). 

R  is  the  ratio  of  the  mean  free  path  of  an  electron  to  that  of  a 

molecule  for  the  same  velocity  conditions. 

Phcenix  Physical  Laboratory,  Columbia  University, 
October  27,  1906. 
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THREE-COLOR  INTERFERENCE  PICTURES. 
By  Herbert  E.  Ives. 

(Preliminary  Paper.) 

THE  subject  of  the  following  paper  is  an  application  of  the  Lipp- 
mann  process  to  the  production  of  three-color  pictures.  The 
method  consists  in  using  a  set  of  three-color  negatives  to  make  a 
picture  composed  of  juxtaposed  colored  lines,  red,  green  and  blue, 
after  the  manner  of  the  Joly  color  picture,  substituting,  however,  the 
laminated  structure  of  the  Lippmann  film  for  the  pigments  which 
impart  color  to  the  true  Joly  picture.  By  this  combination  of  the 
three-color  and  standing-wave  processes  pictures  are  obtained  by  an 
indirect  though  wholly  photographic  means,  possessing  the  fidelity 
of  the  best  three-color  processes  with  advantages  peculiar  to  the 
Lippmann  picture.  The  colors  are  in  the  picture  itself,  so  that  no 
viewing  device  is  necessary  to  render  them  visible,  and  from  the 
original  three-color  negatives  an  indefinite  number  of  color  pictures 
can  be  made. 

Up  to  the  present  Lippmann  photographs  of  natural  objects  (as 
distinguished  from  spectra  or  monochromatic  sources)  have  been 
made  directly  in  the  camera.  A  departure  from  this  simple  and 
straightforward  procedure  of  course  needs  ample  justification.  This 
will  be  found  in  a  consideration  of  previous  attempts  to  photograph 
mixed  colors,  such  as  those  of  natural  objects,  and  the  conclusions, 
both  theoretical,  and  practical,  to  be  drawn  therefrom. 

It  has  long  been  recognized  that  while  spectra  are  easily  and  satis- 
factorily photographed  by  the  Lippmann  process,  such  objects  as 
landscapes,  still  life,  etc.,  are  very  difficult  and  rarely  reproduce  with 
great  fidelity.  The  principal  reasons  therefore  may  be  briefly  sum- 
marized as  follows : 

I.  Complete  isochromatism  of  plates  is  essential. 

In  photographing  spectra  with  non-isochromatic  plates  all  the 
colors  may  be  made  to  give  strong  action  by  mere  long  exposure. 
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Additional  exposure  of  the  photographically  more  active  colors  after 
their  maximum  effect  is  produced  causes  no  increase  of  action  within 
wide  limits.  In  photographing  natural  objects  recourse  to  long  ex- 
posure to  produce  isochromatic  action  is  obviously  destructive  of 
light  and  shade  values,  since  these  are  rendered  entirely  by  differ- 
ence of  exposure.  The  dependence  of  the  best  results  on  careful 
choosing  of  exposure  has  often  been  noticed.* 

2.  To  obtain  a  close  approximation  to  the  color  of  the  object 
photographed  the  lamina  system  must  be  of  considerable  depth  and 
must  be  transparent.  Neither  of  these  conditions  is  fulfilled.  The 
Lippmann  film  is  very  thin  (not  over  .01  mm.)  and  strongly  absorbing. 

3.  It  appears  from  the  microsections  made  by  H.  Lehmann*  that 
the  lamina  system,  owing  to  the  scattering  of  the  incident  light  and 
other  causes,  dies  down  much  more  rapidly  than  that  predicted 
from  calculation.  The  light  reflected  is  therefore  always  less  pure 
than  that  acting  to  produce  the  laminae.  The  frequent  resemblance 
of  Lippmann  pictures  to  tinted  Ambrotypes  and  Daguerrotypes  may 
be  explained  by  this  general  admixture  of  white. 

4.  From  experiments  made  by  H.  Lehmann '  on  photographing 
two  and  three  colors  simultaneously  it  appears  (and  theoretical 
study  of  the  lamina  system  resulting  from  mixed  colors  confirms) 
that  mixed  colors  are  rendered  with  a  loss  of  luminosity  of  the  com- 
ponents as  compared  with  the  rendering  of  the  components  alone. 

It  follows  from  this  that  if  colors  of  different  degrees  of  purity 
occur  in  an  object  photographed  their  reflective  luminosities  will  be 
wrongly  rendered.  For  instance,  an  area  illuminated  by  a  sodium 
flame  and  an  area  illuminated  by  a  broad  spectral  region  including 
red  and  green,  while  appearing  the  same  color  to  the  eye,  and  ad- 
justed to  be  the  same  apparent  brilliancy,  would  be  rendered  as  of 
quite  different  brilliancies.  Certain  types  of  colors,  such  as  those  of 
some  aniline  dyes,  in  whose  spectra  two  or  more  maxima  occur,  would 
suffer  greatly  in  this  respect. 

*  R.  Neuhaus,  Die  Farbenphotographie  nach  Lippmanns  Verfahren,  1898,  p.  45. 
**  Das  Bild  giebt  nur  dann  die  Farben  rich  tig  wieder,  wenn  die  Belichtungszeit  richtig 
getroffen  wurde.  Halbfach  Ober-  odor  Unterexposition  genugt  schon  volIstiUidig  die 
Platte  iM  verderben.'* 

2  "Beitrige  zur  Theorie  und  Praxis  der  directen  Farbenphotographie,'*  1906,  p.  81. 

«L.  c,  p.  14. 
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AH  of  these  facts  impose  obstacles  to  the  complete  success  of  the 
original  Lippmann  process.  A  detailed  study  of  the  rendering  of 
mixed  colors  and  the  conditions  essential  for  the  best  results  is  now 
being  carried  on  by  the  writer  and  will  be  published  in  the  near  fu- 
ture. The  above  conclusions  on  the  reproduction  of  colors  of  all 
types,  have,  however,  been  confirmed  and  the  recourse  to  the  three 
color  process  as  the  means  of  rendering  all  kinds  of  colors  faith- 
fully (to  the  eye),  while  employing  the  Lippmann  film,  is  the  prac- 
tical result. 

The  determining  reason  for  this  step  is  as  follows  :  The  Lipp- 
mann process  is,  as  seen  above,  not  fitted  to  render  all  types  of 
colors  faithfully.  For  the  three-color  process  all  that  is  needed  are 
narrow  spectrum  bands ;  these  the  Lippmann  film  is  thick  enough 
and  transparent  enough  to  give. 

Proceeding  now  to  the  practical  details  as  worked  out.  It  is,  of 
course,  necessary  to  have  a  set  of  three-color  negatives  or  color 
records.  Each  of  these  must  represent  the  amount  of  one  of  the 
primary  colors,  red,  green,  and  blue,  necessary  to  mix  with  the 
proper  amounts  of  the  others  to  counterfeit  to  the  eye  the  color  of 
the  object  photographed.  The  three-color  records  used  were  posi- 
tives made  for  the  KrCmskop.* 

The  first  apparatus  constructed  consisted  of  an  enlarging  camera  by 
means  of  which  an  image  of  any  one  of  the  three-color  positives  was 
projected  on  the  plate  ;  a  heliostat  to  send  a  beam  of  sunlight  through 
positive  and  projecting  lens,  and  an  opaque  line  screen  or  grating, 
in  contact  with  the  plate,  having  opaque  spaces  twice  the  width  of 
the  transparent.  By  means  of  this  latter  one  third  of  the  surface  of 
the  plate  could  be  exposed  at  a  time.  For  colored  light  three  color- 
screens,  identical  with  those  used  in  the  KromskOp  were  tried ;  a 
ruby-red  glass,  a  pot-green  glass,  and  a  combined  cobalt-blue  and 
signal-green  glass.     These  give  narrow,  well  separated  spectrum 

'  The  KrOmskOp  system  is  based  on  Maxwell's  color  mixture  diagram.  The  three  neg- 
atives are  made  through  color  screens  which  with  the  plates  used  give  intensity  curves 
that  correspond  to  the  Maxwell  color  curves  representing  the  three  primary  sensations. 
Those  curves  give  the  amounts  of  three  narrow  spectrum  bands  (near  C,  between  E  and 
/*,  between  /"and  (7)  to  mix  to  reproduce  to  the  eye  both  the  color  and  luminosity 
values  of  all  parts  of  the  solar  spectrum.  The  application  of  Maxwell's  analysis  to  three' 
color  photography  was  first  published  by  F.  £.  Ives  in  1888. 
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bands,  quite  pure  enough  to  give  the  best  results.  The  procedure 
was  to  make  three  exposures  in  succession,  between  each  of  which 
the  three-color  positive  was  changed,  the  color  screen  changed,  and 
the  opaque-line  screen  moved  the  width  of  a  transparent  space  (one 
three-hundredth  of  an  inch).  The  method  is  in  all  respects  similar 
to  that  employed  by  the  writer  to  produce  diffraction  color  pictures.* 

It  was  soon  found  that  much  purer  colors  must  be  used  than 
those  furnished  by  the  color  screens,  for  this  reason  :  The  spectrum 
band  by  which  the  plate  was  illuminated,  reproduced,  as  examina- 
tion of  the  photograph  in  the  spectroscope  showed,  as  a  much 
wider  one.  The  triple-line  pictures,  therefore,  instead  of  showing 
in  the  spectroscope  three  isolated  bright  bands  gave  a  continuous 
spectrum  with  slightly  shaded  spaces  in  the  yellow  and  blue-green. 
This  was  confirmed  by  exposures  with  spectrum  bands  of  varying 
width  from  a  monochromatic  illuminator.  In  all  cases  it  was  found 
on  spectroscopic  examination  that  these  bands  were  rendered  by 
broad,  not  sharply  defined  ones  of  from  five  to  ten  times  the  width 
of  the  original.  The  most  monochromatic  source  then  at  hand, 
a  sodium  flame,  was  photographed,  and  the  plate  showed  in  the 
spectroscope  a  fairly  narrow  band,  although  some  red  and  green 
light  was  still  visible.  Colors  as  pure  as  that  obtained  in  this  way 
would  be  quite  satisfactory  for  three-color  work.  Suitable  red, 
green  and  blue  line  sources  were  not  at  the  time  available,  so,  as  the 
best  that  could  be  done,  portions  of  the  spectrum  of  about  eighty 
A.U.  width  from  a  monochromatic  illuminator  were  tried.  The 
colored  light  was  thrown  on  the  three  color  positive,  which  was 
placed  directly  in  front  of  the  opaque-line  screen  and  the  plate,  and 
so  cast  a  shadow. 

With  this  apparatus  three-color  standing-wave  pictures  were  ob- 
tained which  compare  favorably  with  the  KrOmskop  and  have  quali- 
ties rarely,  if  ever,  seen  in  the  ordinary  Lippmann  pictures.  The 
color  and  luminosity  values  are  faithfully  rendered  and  the  peculiar 
metallic  appearance  so  common  in  most  interference  pictures  is  en- 
tirely absent.  They  are  not,  of  course,  color  pictures  taken  directly 
in  the  camera,  the  ideal  for  which  we  aim,  but  they  are  faithful  color 
pictures  produced  by  entirely  photographic  means;  they  are  held  in 
»  Physical  Review,  June,  1906,  p.  339. 
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the  hand  to  observe,  and  may  be  duplicated  indefinitely.  They  do 
not  fulfill  the  popular  conception  of  a  color  photograph  so  well  as 
would  Lippmann  pictures  taken  directly  in  the  camera,  were  the  latter 
free  from  the  unavoidable  defects  outlined  above.  .They  are  perhaps 
the  nearest  we  can  come  to  a  true  color  photograph  at  present. 

The  defects  of  these  new  three-color  interference  pictures  so  far 
made  are  due  to  the  inadequate  means  at  hand  when  the  work  was 
done.  The  colored  light  used  was  not  as  monochromatic  as  was 
desired.  The  three  bright  strips  of  color  seen  when  one  examines 
the  photographs  with  the  spectroscope  arc  as  a  consequence  rather 
wide  and  the  spaces  between  not  quite  black,  hence  some  degrada- 
tion of  color  values  results.  It  is  intended  as  soon  as  possible  to 
make  pictures  by  means  of  monochromatic  light  furnished  by 
sources  such  as  the  cadium  lines,  and  to  make  the  triple  (Joly)  lines 
at  least  two  hundred  to  the  inch,  so  that  they  become  practically 
invisible. 

With  these  improvements  the  pictures  should  rank  as  one  of  the 
most  perfect  applications  of  the  three-color  process. 

The  plates  used  were  prepared  according  to  the  formula  published 

by  Valenta*  with  the  exception  that  it  was  found  necessary  to  double 

the  quantity  of  gelatin ;  this  may,  however,  have  been  due  to  the 

kind  of  gelatin  used.*     The  pictures  were  mounted  under  a  prism 

according  to  the  usual  method.     To  destroy  all  extra  reflections 

possible  the  back  of  the  glass  and  the  lower  surface  of  the  prism 

were  ground  with  emery  before  the  application  of  asphaltum  varnish 

to  the  one  and  Canada  balsam  to  the  other.     It  was  further  found 

advantageous  to  substitute  gum  sty  rax  («  =  1.58)  for  Canada  balsam 

in  mounting  the  prism.     By  this  the  surface  reflection  from  the  film 

is  less  than  with  the  balsam,  and  in  addition  (if  the  lower  side  of  the 

prism  is  ground)  a  slight  difl'usion  of  light  results  so  that  the  picture 

is  visible  through  a  wider  angle,  and  the  reflected  image  of  the 

source  of  light  (such  as  a  gas  flame)  no  longer  well  enough  defined 

to  be  disturbing. 

Physical  Laboratory,  Johns  Hopkins  University, 
October  7,  1906. 

*  Die  Photographie  in  natiirlichen  Farben,  1894,  p.  52. 
***  Gold  Label,"  sold  by  Eimer  &  Amend,  New  York. 
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THE  ABSORPTION  OF  ALPHA   RAYS  IN   GASES 
AND   VAPORS. 

By  E.  p.  Adams. 

AT  a  meeting  of  the  Physical  Society  held  in  December,  1905,* 
the  writer  described  some  experiments  made  to  determine  the 
maximum  distance  between  a  source  of  alpha  rays  and  a  zinc  sul- 
phide screen  at  which  the  well-known  scintillations  could  be  seen. 
The  results  arrived  at  were  that  this  maximum  distance  was  in- 
versely proportional  to  the  pressure  of  the  gas,  the  temperature 
remaining  the  same ;  and  that  in  different  gases  the  product  of  the 
pressure  and  maximum  distance  was  inversely  proportional  to  the 
sum  of  the  square  roots  of  the  weights  of  the  atoms  contained  in 
the  molecules  of  the  gas.  The  latter  result  is  similar  to  that  ob- 
tained by  Bragg  and  Kleeman  *  for  the  so-called  "  stopping-power  " 
of  various  gases,  vapors,  and  metals  for  the  alpha  rays  from  radium, 
the  electrical  method  of  measuring  the  ionization  produced  by  the 
rays  being  employed.  According  to  their  experiments,  the  absorp- 
tion of  alpha  rays  by  various  substances  is  not  an  absorption  of  the 
rays  in  the  ordinary  sense,  but  an  absorption  of  a  portion  of  their 
energy  which  is  spent  in  ionization,  as  a  result  of  which  the  velocity 
of  the  alpha  rays  is  continually  diminished.  When  their  velocity 
falls  below  a  certain  limiting  value  the  alpha  rays  lose  their  ionizing 
property.  These  results  have  been  confirmed  and  extended  by 
Rutherford,^  who  measured  the  velocity  of  the  alpha  particles  after 
having  passed  through  various  numbers  of  layers  of  aluminium 
foil.  Rutherford  also  showed  that  the  photographic  and  phos- 
phorescent effects  produced  by  the  alpha  rays  ceased  with  their 
ionizing  effects. 

The  delay  in  publishing  the  complete  results  of  these  experiments 
is  due  to  a  desire  to  include  the  results  for  the  monatomic  gases 

*  Physical  Review,  February,  1906,  p.  11 1. 
«Phil.  Mag.,  10,  p.  318,  1905. 
3 Phil.  Mag.,  10,  p.  163,  1905. 
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argon  and  helium  which  were  thought  to  be  of  special  interest  in 
view  of  the  relation  which  was  found  to  hold  for  the  different  gases 
and  vapors  tried. 

The  source  of  the  alpha  rays  in  these  experiments  was  polonium, 
which  is  specially  suitable  as  it  does  not  emit  any  beta-rays.  The 
polonium  was  separated  from  the  mineral  camotite.  As  this 
mineral  is  comparatively  easy  to  obtain  in  this  country  it  may  be  of 
interest  to  describe  the  method  of  preparing  the  polonium,  the 
process  being  very  simple.  Carnotife,  which  occurs  disseminated 
through  sandstone,  is  easily  soluble  in  hydrochloric  acid.  The 
excess  of  acid  is  driven  off  by  heat,  water  added,  and  hydrogen 
sulphide  passed  into  the  solution.  The  precipitate  is  filtered,  thor- 
oughly washed  with  water,  and  dissolved  in  nitric  acid.  The  sul- 
phur which  separates  is  removed  by  filtration.  This  nitric  acid 
solution  contains  the  polonium,  along  with  bismuth,  lead,  copper, 
etc.  It  is  advisable  to  add  to  this  solution  a  small  quantity  of 
bismuth,  as  the  polonium  is  precipitated  with  the  bismuth,  and  it  is 
desirable  to  have  a  rather  larger  quantity  of  bismuth  precipitated 
than  that  originally  contained  in  the  camotite.  The  nitric  acid 
solution  is  then  evaporated  nearly  to  dryness  to  remove  the  excess 
of  free  acid,  and  a  large  quantity  of  water  added.  This  precipitates 
bismuth  hydroxide,  and  with  it,  the  polonium.  After  filtering  this 
precipitate,  it  is  dissolved  in  the  smallest  possible  quantity  of  hydro- 
chloric acid.  This  last  solution  contains  all  the  polonium.  By 
placing  a  polished  bismuth  plate  in  this  solution,  in  the  course  of 
a  few  days  the  polonium  is  nearly  all  deposited  upon  its  surface. 
There  is  thus  obtained,  from  a  pound  or  two  of  camotite,  a  layer  of 
polonium  upon  the  bismuth  plate  which  is  sufficiently  active  for 
experiments  of  this  kind. 

A  description  of  the  apparatus  used  in  these  measurements  fol- 
lows :  The  active  bismuth  plate,  A^  was  carried  at  the  end  of  a 
glass  rod  which  floated  on  a  column  of  mercury  whose  height  could 
be  regulated  by  raising  or  lowering  a  mercury  reservoir,  D.  The 
measuring  tube,  F^  which  was  made  of  glass,  was  closed  at  the  top 
by  a  glass  plate,  B,  on  the  under  side  01  which  the  phosphorescent 
zinc  sulphide  was  cemented.  The  tube  could  be  exhausted  by 
means  of  a  mercury  pump,  and  the  various  gases  admitted,  the 
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pressure  being  given  by  a  mercury  gauge,  E.  The  zinc  sulphide,  in 
the  earlier  experiments,  was  held  to  the  glass  plate  by  a  very  small 
amount  of  Canada  balsam ;  with  certain  of  the  vapors  used  it  was 
found  that  the  Canada  balsam  was  attacked,  and  water-glass  was 

then  used  as  a  cement  which  proved  to  be 
entirely  satisfactory.  The  glass  plate 
was  ground  to  fit  accurately  the  top  of 
the  measuring  tube  ;  a  small  amount  of 
water-glass  then  made  the  tube  perfectly 
air-tight.  The  zinc  sulphide  screen  was 
viewed  through  a  magnifying  glass,  C, 

The  object  of  the  experiment  was  to 
measure  the  maximum  distance  between 
the  active  plate  and  the  zinc  sulphide 

Uu  screen  at  which  the  scintillations  could 

I  /o\  ^  ^^^"  through  the  magnifying  glass. 
a  (pT-;: — -J  For  this  purpose  the  mercury  reservoir 
was  raised  or  lowered  until  the  scintilla- 
tions just  appeared  or  just  disappeared. 
A  number  of  settings  were  thus  made  at 
each  pressure  and  the  average  taken  as 
the  proper  maximum  distance  corresponding  to  that  particular 
pressure.  For  distances  less  than  about  lO  cm.  it  was  found  that 
the  disappearance  or  appearance  of  the  scintillations  was  very  sharp 
so  that  the  successive  settings  were  in  very  close  agreement  with 
each  other.  For  greater  distances,  owing  mainly  to  the  spreading 
out  of  the  alpha  rays,  the  number  of  scintillations  seen  was  much 
smaller  and  the  successive  settings  were  not  in  so  close  agreement. 
It  was  frequently  observed  that  scintillations  appeared  when  the 
polonium  was'at  too  great  a  distance  for  the  alpha  rays  to  produce 
them,  and  even  when  the  polonium  was  taken  out  from  the  tube. 
These  scintillations  were  of  a  different  character  than  those  due  to 
the  alpha  rays  ;  they  appeared  to  be  much  brighter.  It  is  probable 
that  these  were  due  to  changes  in  the  cementing  material,  partly 
temperature  changes,  and  the  drying  out  of  the  cement  which 
caused  a  sudden  pressure  to  be  exerted  upon  the  zinc  sulphide, 
thus  causing  light  effects.     It  is  known  that  phosphorescent  zinc 
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sulphide  is  extremely  sensitive  to  mechanical  shocks.  These  scin- 
tillations produced  no  confusion  as  with  a  little  practice  they  could 
easily  be  distinguished  from  the  scintillations  due  to  the  alpha  rays. 
A  similar  spontaneous  scintillation  of  zinc  sulphide  has  been 
observed  by  Schenck  and  Mihr.^ 

In  preparing  the  gases  used  only  the  ordinary  precautions  were 
taken  to  have  them  pure.  They  were  dried  by  means  of  phosphorus 
pentoxide  except  in  the  case  of  acetone,  which  was  decomposed 
by  the  phosphorus  pentoxide.  The  liquids  whose  vapors  were 
examined  were,  with  one  exception,  the  ordinary  '*  chemically  pure" 
products  of  commerce.  Nickel  carbonyl  was  prepared  by  the 
method  of  Mond,  Langer  and  Quincke.*  Argon  was  obtained  by 
passing  air  over  heated  copper  and  magnesium  twice,  by  means  of 
which  the  oxygen  and  a  large  part  of  the  nitrogen  was  removed. 
The  remaining  nitrogen  was  removed  by  passing  an  electric  arc 
between  platinum  terminals  through  the  gas  collected  over  a  solu- 
tion of  caustic  potash  with  the  repeated  addition  of  oxygen.  Finally 
the  remaining  oxygen  was  removed  by  means  of  solid  phosphorus. 
Helium  was  obtained  by  heating  the  mineral  fergusonite  in  a 
vacuum.  This  mineral,  which  came  from  Llano  Co.,  Texas,  gave 
off,  by  the  application  of  heat  alone,  about  o.  i  c.c.  of  helium  per 
gram.  The  resulting  gas  was  freed  from  nitrogen  and  other  im- 
purities by  means  of  an  electric  arc  in  the  same  manner  as  employed 
for  argon.  It  was  necessary  to  add  the  oxygen  in  very  small 
quantities  at  the  beginning  as  hydrogen  is  given  off  by  heating  this 
mineral,  due  to  a  reduction  process,  and  with  too  much  oxygen 
present  a  serious  explosion  might  result  on  starting  the  arc.  When 
the  helium  so  prepared  was  put  into  the  testing  tube  it  was  found 
that  the  scintillations  could  not  be  made  to  disappear  even  by 
removing  the  polonium  altogether.  This  was  due  to  the  fact  that 
fergusonite  contains  a  certain  amount  of  radium,  and  on  heating  it 
the  radium  emanation  was  collected  along  with  the  helium.  It  was 
therefore  necessary  to  wait  several  months  until  the  emanation  had 
disintegrated  sufficiently  to  allow  measurements  to  be  made  in  the 
regular  way.  By  means  of  liquid  air  it  would  have  been  possible 
to  freeze  the  emanation  out  of  the  helium  at  once. 

»  Ber.  deut.  chcm.  Ges.,  37,  p.  3464,  1904. 
'Trans.  Chem.  Soc.  London,  57,  p.  749,  i8co. 
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The  vapors  were  introduced  into  the  testing  tube  as  follows.  A 
flask  provided  with  a  tap  funnel  was  sealed  on  to  the  apparatus  and 
the  whole  exhausted.  A  small  amount  of  the  liquid  could  then  be 
introduced  into  the  flask  without  admitting  any  air.  By  measuring 
the  pressure,  and  knowing  the  tension  of  the  saturated  vapor,  an 
estimate  could  be  formed  as  to  the  purity  of  the  vapor. 

Observations  were  always  made  at  night  in  the  dark  as  then  the 
eye  is  much  more  sensitive  to  effects  of  this  kind  than  in  the  day- 
time. It  was  found  that  after  thirty  to  forty  minutes  of  observation 
the  eye  became  too  tired  and  it  became  very  difficult  to  get  con- 
cordant results. 

The  following  tables  are  characteristic  of  the  results  obtained. 
In  each  table  the  first  column  gives  the  pressure,  /,  the  second  the. 
maximum   distance  between  the  polonium  and  the  zinc  sulphide 
screen,  rf,  and  the  third  the  product,  pd ;   d  is  measured  in  centi- 
meters, and  /  in  centimeters  of  mercury. 


Air. 

Ethyl  Iodide. 

P 

d 

pd 

P 

d 

Pd 

75.54 

3.49 

264 

9.60 

8.74 

83.9 

69.69 

4.20 

293 

8.65 

9.43 

81.6 

52.86 

5.03 

266 

7.65 

10.67 

81.6 

22.14 

12.53 

277 

7.20 

11.33 

81.6 

15.79 

17.72 

280 

Average,  276 

1 

Aven 

ige,  82.2 

Oxygen. 

Nickel  CarboDyl. 

P 

d 

pd 

/ 

d 

pd 

70.15 

4.03 

283 

22.8 

2.38 

54.3 

59.30 

4.70 

279 

21.0 

2.53 

53.1 

44.15 

6.09 

269 

17.9 

2.97 

53.2 

34.07 

7.87 

268 

16.6 

3.53 

58.6 

18.60 

14.33 

7Jb1 

14.1 

4.29 

60.5 

15.60 

16.06 

251 

9.5 

5.97 

59.4 

6.4 

8.58 

54.9 

4.5 

11.58 

52.1 

Avei 

•age,  269 

Aver 

age,  55.8 

From  these  tables  it  is  seen  that  the  product,  pd,  is  approximately 
constant  for  any  one  substance.     The  deviations  appear  to  be  within 
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the  limits  of  experimental  error.  A  slight  tendency  has  been  noticed 
for  this  product,  for  many  substances,  to  decrease  with  the  pressure, 
but  it  seems  probable  that  this  is  caused  by  the  decreased  sensitive- 
ness when  the  distance  between  the  polonium  and  the  zinc  sulphide 
screen  becomes  large. 

The  complete  results  for  all  the  substances  examined  are  given 
in  the  following  table.  The  first  column  of  figures  gives  the  sum 
of  the  square  roots  of  the  atomic  weights  of  the  atoms  in  the  mole- 
cules.    Thus  for  carbon  dioxide  we  have : 

j;%/Z=%/C+2%/0  =  \/i2  +  2\/76=:  11.5. 

For  air : 

_    .—     4x2  \/N+  2  \^0      4x2  %/i4  +  2  %/i6 
Ijv^^  = = =  7.6. 

The  second  column  of  figures  gives  the  average  value  of  the  product, 
pd,  for  several  different  pressures  found  by  experiment ;  and  the  last 
column  gives  the  product  of  the  two  preceding  ones. 


1 

7,Va 

pd 

pctly/A 

Hydrogen, 

H, 

2.0 

1,108 

2,216 

Helium, 

He 

2.0 

954 

1,908 

Argon, 

A 

6.32 

301 

1,902 

Methane, 

CH, 

7.46 

292 

2,178 

Air, 

7.60 

276 

2,098 

Oxygen, 

0, 

8.00 

269 

2,152 

Carbon  dioxide, 

CO, 

11.46 

186 

2,132 

Cyanogen, 

C,N, 

14.42 

153 

2,206 

Carbon  bisulphide, 

CS, 

14.78 

125 

1,848 

Methyl  iodide. 

CH,I 

17.73       . 

110 

1,950 

Acetone, 

C,H.O 

20.38 

107 

2,181 

Ethyl  bromide. 

C,H,Br 

20.86 

98 

2,044 

Chloroform, 

CHCI5 

22.31 

88 

1,963 

Ethyl  iodide. 

C,H,I 

23.19 

80 

1,855 

Carbon  tetrachloride. 

CCl, 

27.26 

78 

2,126 

Ether, 

C,H,oO 

27.84 

88 

2,450 

Pentane, 

C5H,, 

29.30 

77 

2,256 

Nickel  carbonyl. 

NiC.O, 

37.50 

56 

2,100 

Average,  2,081 


It  is  thus  seen  that  the  product  of  the  pressure,  the  maximum 
distance  at  which  the  scintillations  can  be  seen,  and  the  sum  of  the 
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square  roots  of  the  atomic  weights  is  very  nearly  constant  over  a 
wide  range.     The  largest  deviation  is  in  the  case  of  ether. 

The  fact  that  the  absorption  of  complex  molecules  for  the  alpha 
rays  can  be  expressed  as  a  sum  of  terms  depending  only  on  the 
atoms  in  the  molecules  indicates  that  the  effective  collisions  of  the 
alpha  rays  are  not  with  the  molecules  as  a  whole  but  with  the  atoms 
in  the  molecules.  The  experimental  facts  can  be  explained  by  as- 
suming that  the  number  of  collisions  that  each  alpha  particle  makes 
is  proportional  to  the  total  number  of  atoms  present  in  the  gas 
through  which  it  passes,  and  that  at  each  collision  the  alpha  particle 
loses  an  amount  of  its  energy  proportional  to  the  square  root  of  the 
weight  of  the  atom  it  collides  with.  But  the  reason  for  the  square 
root  is  difficult  to  see.  Bragg  and  Kleeman  suggested  that  the 
atoms  have  a  disk-like  form  ;  assuming  then  that  ions  can  be  formed 
only  on  the  circumference  of  the  atom,  the  circumference  being  pro- 
portional to  the  square  root  of  the  whole,  the  square  root  law  would 
seem  to  be  explained.  But  this  seems  a  very  artificial  hypothesis  ; 
and  moreover,  we  have  no  evidence  that  the  atoms  have  a  disk-like 
form.  There  is  some  evidence  from  the  kinetic  theory  of  gases  that 
the  cross-section  of  the  molecule  is  equal  to  the  sum  of  the  cross- 
sections  of  the  constituent  atoms,  and  hence  that  the  molecules  have 
a  disk-like  form.  But  this  has  no  bearing  on  the  present  problem 
as  it  is  evident  that  molecular  structure  does  not  enter  into  it.  In 
a  more  recent  paper  ^  Professor  Bragg  has  again  suggested  this  same 
explanation,  with  the  extension  that  some  effect  is  produced  on  an 
alpha  particle  when  it  strikes  the  center  of  an  atomic  disk.  There- 
fore the  stopping  power  of  an  atom  for  an  alpha  particle  should  be 
proportional  to 

a\/w  -|-  biv 

where  a  and  b  are  constants,  b  being  small  compared  to  a,  and  w  is 

the  weight  of  the  atom.     The  scintillation  method  is  not  accurate 

enough, [however,  to  make  it  worth  while  attempting  to  confirm  this 

expression. 

Princeton  University, 
Princeton,  N.  J. 

1  Phil.  Mag.,  May,  1906,  p  617. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  of  the  Thirty-Fourth  Meeting. 

A  REGULAR  meeting  of  the  Physical  Society  was  held  in  the  Kent 
Chemical  Laboratory  of  the  University  of  Chicago  on  Saturday 
December  i,  1906.     Past  President  A.  A.  Michelson  presiding. 
The  following  papers  were  presented : 

1 .  Spark  Discharges  in  Gases  and  Vapors.  John  E.  Almy,  Univer- 
sity of  Nebraska. 

2.  On  the  Magnetic  Behavior  of  Certain  Alloys  of  Nickel.  Bruce  V. 
Hill,  University  of  Kansas. 

3.  An  Experimental  Gyroscope  for  Quantitative  Work.  Frederick 
E.  Kester,  Ohio  State  University. 

4.  Upon  the  Discharge  of  Electrons  from  Ordinary  Metals  Under  the 
Influence  of  Ultra-violet  light.  R.  A.  Millikan  and  George  Win- 
chester, University  of  Chicago. 

5.  An  Inanimate  Demon.     A.  B.  Porter,  Chicago. 

6.  On  Multiple  Crossed  Gratings.     A.  B.  Porter,  Chicago. 

7.  On  the  Ruling  of  Diffraction  Gratings.  A.  A.  Michelson,  Uni- 
versity of  Chicago. 

8.  The  Effect  of  Temperature  on  Metallic  Spectra.  H.  G.  Gale, 
University  of  Chicago. 

9.  The  Radiation  Constants  and  Temperature  of  the  Nemst  Glower. 
C.  E.  Mendenhall  and  L.  R.  Ingersoll,  University  of  Wisconsin. 

10.  Standard  Cells.  K.  E.  Guthe  and  C.  L.  von  Ende,  University 
of  Iowa. 

11.  Heat  of  Dilution.     F.  L.  Bishop,  Bradley  Polytechnic  Institute. 

12.  The  Viscosity  of  Water  at  Low  Rates  of  Shear.  Lawrence  E. 
GuRNEY,  University  of  Idaho.     Introduced  by  A.  A.  Michelson. 

13.  The  Bridge  Method  for  Comparison  of  Condensers.  Frederick 
E.  Kester,  Ohio  State  University. 

14.  A  Method  for  the  Determination  of  Electrolytic  Resistance  and 
Capacity.     A.  H.  Taylor,  University  of  Wisconsin. 
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15.  On  the  Effects  of  the  Electrical  Discharge  on  the  Acetylene 
Flame.     C.  F.  Lorenz,  Johns  Hopkins  University. 

16.  Change  of  Phase  Due  to  the  Passage  of  Electric  Waves  Through 
Thin  Films  and  the  Index  of  Refraction  of  Water  for  Such  Waves. 
Wm.  R.  Blair,  University  of  Chicago. 

17.  The  Temperature  of  the  Moon.  Wm.  W.  Coblentz,  Bureau  of 
Standards,  Washington. 

18.  The  Temperature  of  the  Moon.     Frank  W.  Very. 

19.  Note  on  the  Fluorescence  of  Sodium  Vapor.     Ernest  Merritt. 

20.  The  Relation  between  Uranium  and  Radium.  H.  N.  McCoy  and 
W.  H.  Ross. 

21.  Note  on  the  Behavior  of  Small  Particles  on  the  Nemst  Glower. 
C.  E.  Mendenhall  and  L.  R.  Ingersoll. 

A  resolution  was  adopted  directing  the  attention  of  the  Council  to  the 
desirability  of  holding  a  regular  yearly  meeting  in  Chicago. 

Ernest  Merritt, 

Secretary, 


Upon  the  Discharge  of  Electrons  from  Ordinary  Metals 
under  the  Influence  of  Ultra-violet  Light.* 

By  R.  a.  Millikanand  George  Winchester. 

THIS  investigation  was  undertaken  (1)  to  determine  whether  or  not 
the  discharge  of  negative  electricity  which  takes  place  from  metals 
illuminated  by  ultra-violet  light  is  a  function  of  the  temperature  when  all 
secondary  temperature  effects  due  to  the  surrounding  medium  are  elimi- 
nated by  placing  the  metals  in  a  very  high  vacuum  ;  (2)  to  determine  the 
order  in  which  the  common  metals  arrange  themselves  in  relation  to  their 
power  of  emitting  electrons  under  the  influence  of  a  given  source  of  ultra- 
violet light:  (3)  to  determine  the  relative  velocities  of  projection  of 
electrons  from  the  various  metals  by  measuring  the  positive  potentials 
acquired  by  them  under  the  influence  of  ultraviolet  light ;  (4)  to  deter- 
mine whether  this  velocity  is  a  function  of  the  temperature. 
The  results  of  the  investigation  may  be  summarized  as  follows  : 
I.  Within  the  limits  of  observational  error,  which  amount  to  but  one 
or  two  per  cent.,  the  photo-electric  effect,  like  radio-activity  is  wholly 
independent  of  temperature  for  all  of  the  metals  experimented  upon, 
namely,  copper,  gold,  nickel,  brass,  silver,  iron,  aluminium,  magnesium, 
antimony,  zinc  and  lead. 
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II.  The  relative  rates  of  discharge  of  electrons  from  the  above  metals, 
under  identical  conditions,  were  as  follows  : 


Metal.          1 

Discharge  Rate  in 
Scale  Divisions. 

Melting  Point. 

Copper. 

25.10 

1050°  C. 

Gold. 

24.70 

1050     " 

Nickel. 

24.00 

1450     " 

Brass. 

23.80 

Silver. 

17.16 

968    " 

Iron. 

16.40 

1350    " 

Aluminium. 

14.90 

625     " 

Magnesium. 

11.00 

750    *' 

Antimony. 

4.00 

632    " 

Zinc. 

1.20 

433    ** 

Lead. 

.90 

326    ** 

This  order  is  not  at  all  in  accord  with  that  found  in  the  Volta  contact 
series  as  previous  experiments  had  indicated  might  be  the  case,  nor  does 
it  agree  entirely  with  the  order  in  which  the  above  metals  exhibit  any 
familiar  physical  property.  Its  closest  relationship  seems  to  be  to  that  of 
the  melting  point  series  which  is  given  the  last  column  in  order  to  facili- 
tate comparison. 

III.  The  positive  potentials  in  volts  acquired  under  identical  condi- 
tions by  the  metals  experimented  upon  are  given  in  the  following  table. 
If  the  discharge  takes  place  into  a  perfect  vacuum  the  maximum  velocity 
of  projection  of  the  electrons  may  be  calculated  from  the  formula. 
V  ==  ^/2e/m  X  P,  in  which  P  is  the  positive  potential  acquired  and  elm- 
is  I.I  X  io\ 

Metal.  Potential  in  Volts. 

Silver.  1.34 

Iron.  1.22 

Gold.  1.21 

Brass.  1.17 

Copper.  1. 13 

Nickel.  1.12 

Magnesium.  .839 

Aluminium.  .738 

Antimony.  .39 

Zinc.  .19 

Lead.  .0 

The  order  in  which  the  metals  occur  in  this  table  is  wholly  different 
from  that  of  the  preceding  table  and  apparently  has  no  connection  either 
with  the  atomic  weights  of  the  elements  or  with  any  other  of  their  known 
properties. 
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IV.  The  potentials  acquired  were  found  to  be  in  all  cases  wholly  in- 
dependent of  temperature  —  a  fact  which  appears  to  warrant  the  con- 
clusion that  the  kinetic  energy  of  an  electron  within  the  atom  of  which 
it  forms  a  part  is  not  influenced  by  temperature  changes. 


The  Effect  of  Temperature  on  Metallic  Spectra.* 
By  H.  G.  Gale. 

THIS  investigation  was  undertaken  in  the  hope  of  finding  in  the 
laboratory  some  method  of  differentiating  the  spectral  lines  of 
Ti,  Va,  Cr,  Mn  and  Fe  which  are  affected  in  sun  spots.  The  work  was 
done  in  the  laboratory  of  the  solar  observatory  on  Mt.  Wilson,  in  collab- 
oration with  Mr.  Hale  and  Mr.  Adams,  and  was  in  the  nature  of  a  sequel 
to  the  important  work  which  had  been  done  by  them  on  the  spectra  of 
sun  spots. 

It  was  found  that  when  the  arc  spectrum  of  one  of  the  elements  named 
was  taken  with  a  two  ampere  current  and  compared  with  a  spectrum 
taken  on  the  same  plate  with  a  25  or  30  ampere  current,  certain  lines 
were  strengthened  and  a  few  weakened  as  compared  with  the  rest  of  the 
spectrum.  Further  examination  showed  that  the  lines  which  were 
strengthened  in  the  two  ampere  current  were  in  practically  all  cases,  lines 
which  are  strengthened  in  sun  spots,  and  that  the  lines  which  are  weak- 
ened in  sun  spots  are  the  lines  which  were  weakened  in  the  two  ampere 
arc. 

It  was  found  further  that  in  practically  all  cases  lines  which  were  weak- 
ened in  the  two  ampere  arc  as  compared  with  the  30  ampere  arc  are  lines 
which  are  enhanced  in  the  spark  relatively  to  the  arc. 

Of  220  spot  lines  examined  204  were  definitely  strengthened  in  the 
weak  arc  and  the  remaining  16  lines  were  either  unchanged  or  changed 
so  slightly  as  to  be  uncertain. 

Of  32  lines  weakened  in  spots  29  were  clearly  enhanced  and  3  were 
unchanged  in  the  spark.  Of  these  32  lines  24  were  clearly  weakened,  7 
were  not  seen  and  I  showed  no  change  in  the  two  ampere  arc. 

Extending  the  investigation  into  the  violet  beyond  the  region  which 
is  apparently  affected  in  sun  spots,  of  109  lines  enhanced  in  the  spark 
84  were  weakened,  20  not  seen  and  5  were  unaffected  in  the  weak  arc. 

Of  152  prominent  solar  lines  which  are  not  affected  in  spots  none 
showed  strengthening  in  the  weak  arc,  133  were  unchanged  and  19 
doubtful,  possibly  slightly  weakened. 
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The  only  directly  contradictory  evidence  found  was  in  the  case  of  the 
two  iron  lines  at  X  5429.91  and  I  5447- 13-  Both  appear  to  be  enhanced 
in  the  spark,  although  they  are  strengthened  in  both  the  weak  arc  and  in 
spots. 

The  cause  of  the  variation  between  the  spectra  of  the  2  ampere  and 
30  ampere  arcs  which  naturally  suggested  itself  was  that  the  2  ampere 
arc  was  cooler  than  the  other.  To  test  this  hypothesis  spectra  were 
photographed  from  the  outer  portions  of  the  flame  coming  from  a  30 
ampere  arc  and  compared  with  spectra  from  the  middle  of  the  core,  be- 
tween the  poles.  The  agreement  between  the  weak  arc  and  flame  was 
entirely  satisfactory,  the  great  majority  of  the  lines  being  affected  not 
only  in  the  same  direction  but  by  the  same  amounts. 

To  further  test  the  effect  of  temperature  as  distinguished  from  any 
possible  electrical  effect  Fe,  Mn  and  Cr  were  in  turn  vaporized  in  an 
electric  furnace  and  the  spectra  photographed.  All  of  the  lines  in  the 
region  examined  were  affected  in  the  same  direction  as  in  the  two 
ampere  arc  and  by  practically  the  same  amounts. 

It  seems  permissible  therefore  to  conclude  that  the  spark  spectrum 
corresponds  to  a  higher  temperature  than  the  arc  spectrum,  that  the  vari- 
ations between  the  30  ampere  spectrum  and  that  from  the  weak  arc, 
flame  or  furnace  are  due  to  the  lower  temperature  of  the  latter  and  that 
the  differences  between  sun  and  spot  spectra  are  due  to  the  same  cause. 

Mr.  Adams  has  recently  found  that  the  spectrum  of  Arcturus  is  in  re- 
markable agreement  with  that  of  sun  spots,  and  Mr.  Hale  and  Mr. 
Adams  have  found  that  the  spectrum  of  a  Orionis  shows  still  greater 
variations  in  the  same  direction.  It  seems  probable  therefore  that  the 
Sun,  Arcturus  and  a  Orionis  are  in  order  of  descehding  temperature. 

It  does  not  follow  that  temperature  differences  offer  the  only  means  of 
producing  changes  in  the  relative  intensity  of  the  lines  in  the  metallic 
spectra,  but  variations  in  temperature  appear  to  aff'ord  a  simple  and  satis- 
factory explanation  of  the  changes  in  the  relative  intensity  of  the  so- 
called  '  *  spot  lines  * '  as  observed  in  the  laboratory,  in  sun  spots  and  in  stars. 

Ryerson  Physical  Laboratory, 
November  9,  1906. 

Standard  Cells.* 

By  K.  E.  Guthk  and  C.  L.  von  Ende. 

WE  constructed  some  standard  cells  with  electrolytic  mercurous  sul- 
fate, prepared  by  us,  and  with  sulfate  received  from  Dr.  Hulett. 
The  agreement  between  the  electromotive  forces  for  cells  of  the  same 
series  is  within  2  in  100,000.     Slight  variations  in  the  method  of  con- 
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struction  were  made  and  their  influence  upon  the  electromotive  force 
determined. 

Comparison  of  these  new  cells  with  those  used  last  year  for  the  absolute 
determinations,  showed  that  the  Clark  cells  agreed  with  the  old,  but  that 
the  cadmium  cells  had  a  considerably  higher  electromotive  force  than  the 
old,  the  changes  of  which  have  been  quite  irregular. 

While  the  initial  electromotive  force  of  the  new  cadmium  cells  agrees 
very  closely  with  the  value  found  by  Hulett  for  freshly  set  up  cells,  it 
decreases  rapidly  in  a  few  weeks  and  has  now  a  value  o.oooi  volt  lower 
than  at  first. 

Mercury  distilled  twice  in  an  ordinary  vacuum  still  gives  the  same 
results  as  mercury  distilled  by  Hulett's  method.  No  difference  was 
noticed  between  amalgam  prepared  in  the  usual  way  and  electrolytic 
amalgam.  Clear  and  cloudy  cadmium  sulfate  crystals  produce  no  differ- 
ence in  the  electromotive  force  of  the  cadmium  cells. 

Clark  cells  with  electrolytic,  coarsely  grained  mercurous  sulfate  have 
immediately  after  construction  an  electromotive  force  of  1.4204  volts  at 
25^  C,  within  a  few  hundred  thousandths  of  a  volt  and  remain  constant 
in  course  of  time. 

Cadmium  cells  with  practically  identical  electrical  behavior  cannot  be 
constructed  at  the  present  time  by  different  observers. 

The  Bridge  Method  for  Comparison  of  Condensers.' 
By  Frederick  E.  Kester. 

THEORETICAL  considerations  show  that  the  two  possible  arrange- 
ments of  galvanometer  and  battery,  in  the  bridge  network  for  the 
comparison  of  condensers,  give  different  values  for  the  quantities  of 
electricity  which  flow  through  the  galvanometer  when  the  conditions  of 
exact  balance  are  disturbed  by  equal  changes  in  the  value  of  one  of  the 
balancing  resistances.  With  the  galvanometer  connected  between  the 
junction  of  the  two  condensers  and  the  junction  of  the  two  resistances, 
the  expression  for  the  quantity  flowing  through  the  galvanometer  is 


jr,...,c,^.-^_ 


The  other  connection,  with  the  galvanometer  and  battery  interchanged 
gives 
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With  galvanometers  of  high  resistance  the  difference  between  the  values 
of  these  two  expressions  is  considerable. 

Experimental  results  obtained  with  various  condensers  and  various 
values  of  the  balancing  resistances  verify  these  formulae  within  the  limits 
of  observation  errors.  The  verification  may  be  shown  by  comparison  of 
the  product  of  (^i  +  R^  and  the  galvanometer  deflection  per  ohm 
change  in  R^  in  the  first  case,  with  the  product  of  (^,  +  ^,  +  G)  and 
the  galvanometer  deflection  per  ohm  change  in  R^  in  the  second.  The 
products  should  be  equal  since  the  galvanometer  deflections  are  propor- 
tional to  {  i'  dt\i  2i  ballistic  instrument  be  used.  In  the  experimental 
work  for  the  results  given  below  the  same  value  of -ff  was  used  through- 
out, the  same  galvanometer  conditions  were  maintained  and  the  same 
condenser  was  used  always  as  C^  \  the  products  given  in  the  last  column 
of  the  tables  should,  therefore,  be  approximately  equal. 

Galvanometer  Resistance  1,916  Ohms. 
Condensers:  C^  Elliott  Bros.,  y^  m.f.,  A'o,  848 ;  Cj,  Elliott  Bros.,  y^  m. /.,  No,  847. 


Connection. 

^1 

/?, 

Defl.  per  Ohm. 

Product. 

I. 

2,000 

1,980 

0.064, 

258 

I. 

200 

198 

0.63, 

254 

II. 

2,000 

1,980 

0.039, 

232 

II. 

200 

198 

O.lOj 

252 

Condensers:  C^,  Elliott  Bros,,  1  m./,,  No,   56;    C„  Elliott  Bros.,  }i  m,/.,  No.  847. 


Connection. 

^. 

i?. 

Defl.  per  Ohm. 

Product. 

I. 

2,000 

6,224 

O.O3I5 

259 

I. 

200 

622 

0.32« 

270 

II. 

2,000 

6,224 

0.025, 

261 

II. 

200 

622 

0.098 

268 

The  Temperature  of  the  Moon.* 

By  W.  W.  C0BI.ENTZ. 

AT  the  Ithaca  meeting  of  the  society,  June,  1906,  the  writer  offered 
as  a  side  issue  to  his  main  work  on  reflection  spectra,  some  deduc- 
tions relating  to  the  temperature  of  the  moon,  which  subsequent  consid- 
eration has  led  him  to  believe  erroneous.     At  that  time  the  experimental 
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work  of  Very  *  and  the  calculations  of  Poynting  *  were  unknown  to  him, 
and  the  conclusions  were  based  upon  the  original  curves  published  by 
Langley. 

The  work  of  these  two  investigators  is  quite  convincing  that  the  temper- 
ature of  the  lunar  surface  must  rise  to  at  least  300^  abs.,  and  the  problem 
is  reduced  to  the  calculation  of  the  relative  intensities  of  the  energy 
emitted  and  reflected  by  the  moon  at  8  to  10 /a.  This  has  been  done  and 
the  results  show  that  the  radiation  from  the  sun  which  the  moon  reflects 
to  the  earth  is  only  from  ^  to  -j^  the  energy  which  the  moon  radiates  to 
us,  assuming  the  temperature  to  be  300^  abs. 

The  writer  regrets  the  fact  that  the  former  deductions  have  gotten 
into  print,  for  they  accentuate  the  not  infrequent  occurrence  of  similar 
cases  where  writers  have  published  conclusions  before  the  subject  has 
been  thoroughly  considered.  A  fuller  discussion  of  this  subject  is  now 
in  press  along  side  with  the  work  on  reflection  spectra. 

Note  on  the  Temperature  of  the  Moon.' 
By  Frank  W.  Very. 

THE  supposition  that  the  Moon  may  reflect  specularly  a  portion  of 
the  Sun's  rays  between  8.5  and  io/£  is  rendered  probable  from 
Professor  E.  F.  Nichols*  discovery  that  quartz  has  bands  of  metallic 
reflection  in  this  region,  and  from  the  recent  announcement  by  Dr.  W. 
W.  Coblentz  that  varioas  common  silicates  possess  similar  properties. 

But  this  specular  reflection  has  never  been  observed,  and  must  not  be 
confounded  with  the  maximum  in  the  lunar  spectrum  of  about  the  same 
wave-length,  since  the  latter  belongs  to  a  continuous  spectrum  and  not  to 
a  band.  Moreover,  the  maximum  heat  in  the  lunar  image  is  found,  not 
at  the  position  where  specular  reflection  would  place  it,  but  near  the 
point  of  maximum  insolation.  Consequently,  the  observed  maximum  in 
the  extreme  infra-red  spectrum  of  the  Moon  is  due  to  the  proper  radia- 
tion from  the  heated  lunar  surface. 

During  totality  of  a  lunar  eclipse  of  the  darker  sort,  the  amount  of 
sunlight  refracted  into  the  shadow  by  the  Earth's  atmosphere,  and 
reflected  from  the  Moon,  becomes  vanishingly  small ;  but  the  true  infra- 
red radiation  of  the  Moon  may  still  be  as  much  as  one  per  cent,  of  its 
value  before  the  eclipse,  and  the  heat  is  promptly  restored,  or  very  nearly 
restored,  after  the  eclipse  is  over,  showing  that,  although  a  thin  super- 

■  Astrophys.  Jour.,  8,  p.  199,  1898. 

'Jahrbuch  der  Radioaktivit&t  and  Elektronik.,  2,  p.  42,  1905. 
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ficial  layer  of  the  Moon's  substance  is  considerably  cooled  in  shadow, 
deeper  layers  continue  hot  and  are  competent  to  restore  by  conduction 
the  heat  lost  by  radiation  during  the  few  hours  that  the  eclipse  lasts. 

The  superficial  layers  of  rock  form  a  sufficient  protection  to  the  deeper 
ones  to  produce  a  large  accumulation  of  thermal  energy  at  the  surface  of 
the  sunlit  Moon  after  many  days  of  continuous  sunshine.  Simple  reflec- 
tion will  not  explain  the  quality  of  the  lunar  radiation,  which  can  be 
shown  to  proceed  necessarily  from  a  body  at  a  high  temperature. 

Heat  of  Dilution.^ 
By  F.  L.  Bishop. 

THE  apparatus  employed  was  especially  designed  to  insure  that  the 
two  liquids  should  be  at  the  same  temperature  when  mixed  and  to 
avoid  the  determination  of  the  specific  heat  of  the  solution. 

The  two  calorimeters  were  so  designed  that  one  was  inside  the  other 
and  the  liquid  of  the  outer  completely  surrounded  the  inner  calorimeter. 
The  inner  one  which  was  provided  with  vanes  on  the  inside  and  outside 
was  suspended  and  rotated  at  a  constant  rate  thus  agitating  the  liquids. 
The  mixing  was  accomplished  by  having  the  bottom  of  the  inner  one 
removable  and  lowering  the  calorimeter  so  that  the  liquids  would  pass 
down  through  the  inner  up  the  outer  and  over  the  top  of  the  inner  calorim- 
eter. The  change  of  temperature  thus  produced  was  measured  with 
two  Beckman's  one  in  each  calorimeter. 

A  quantity  of  heat  necessary  to  produce  the  same  change  of  tempera- 
ture under  the  exact  conditions  existing  when  the  two  liquids  were  mixed, 
was  supplied  by  an  electric  current.  The  coil  was  placed  in  the  outer 
calorimeter  just  below  the  inner  one.  The  current  was  adjusted  until  the 
rate  at  which  the  temperature  changed  was  the  same  as  when  the  liquids 
were  mixed. 

The  whole  apparatus  was  placed  in  a  double  walled  vessel  and  immersed 
in  a  constant  temperature  bath. 

The  preliminary  results  seem  to  indicate  that  the  values  for  NaNO, 
NH^NO,  and  Ba(NO,)  are  within  certain  limits  represented  by  a  linear 
function  of  the  heat  and  concentration. 
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The  Relation  Between  Uranium  and  Radium.^ 
By  Herbert  N.  McCoy  and  W.  H.  Ross. 

ONE  of  us  has  shown '  that  the  radioactivity  of  any  uranium  mineral, 
free  from  thorium,  is  directly  proportional  to  its  uranium  con- 
tent; and  for  equal  uranium  content  that  minerals  are  4.15  times  as 
active  as  the  pure  compounds.  The  value,  4.15,  previously  found,  is 
subject  to  three  errors :  ( i )  On  account  of  the  insufficient  ionization 
space  of  the  electroscope  used;  (2)  on  account  of  the  portion  of  the 
emanation  spontaneously  lost ;  (3)  on  account  of  the  unequal  absorp- 
tion of  the  rays  by  the  rims  of  the  shallow  vessels  containing  the 
active  films.  New  determinations  of  the  composition  and  activity  of 
uranium  minerals  have  now  been  made,  with  all  conceivable  precau- 
tions to  insure  accuracy.  We  now  find  the  corrected  ratio  of  the 
activity  of  a  mineral  to  that  of  a  pure  uranium  compound,  of  equal 
uranium  content,  to  be  4.58.  We  have,  in  addition,  compared  the 
activity  of  a  minute  quantity  of  Ra,  free  from  all  its  products,  with  the 
activity  of  a  standard  film  of  U,Og ;  and  also  the  activity  of  the  ema- 
nation from  this  quantity  of  radium  with  that  of  the  emanation  asso- 
ciated with  a  known  amount  of  uranium  in  a  mineral.  It  was  found 
that  the  activity  of  a  quantity  of  uranium  is  1.87  times  that  of  the  equi- 
librium amount  of  radium.  Radium  plus  the  equilibrium  amounts  of 
the  emanation,  A  and  Cis  5.64  times  as  active  as  radium  alone.'  If 
we  assume  that  the  activity  of  RaF  is  proportional  to  its  range,  this  prod- 
uct is  1. 10  times  as  active  as  radium.  Therefore  radium  and  its  products 
are  6. 74  times  as  active  as  radium.  In  consequence,  a  mineral  contain- 
ing the  equilibrium  amounts  of  uranium,  radium  and  products  should  be 
8.61  times  as  active  as  the  radium,  or  4.60  times  as  active  as  the  uranium 
it  contains.     The  value  found  directly  is  4.58. 

If  radium  is  considered  a  transformation  product  of  uranium,  as  these 
and  other  experiments  indicate,  and  further  if  the  range  of  the  a  par- 
ticle of  uranium  is  taken  as  approximately  3.5  cm.,  that  of  radium  being 
also  3.5  cm.,  and  if  the  activity  is  assumed  proportional  to  the  range,* 
for  equilibrium  amounts  of  genetically  related  bodies  producing  equal 
numbers  of  a  particles,  then  since  uranium  is  about  twice  as  active  as  the 
equilibrium  amount  of  radium,  the  former  must  produce  two  a  particles 
for  every  one  produced  by  the  equilibrium  amount  of  the  latter.     This 

^  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decem- 
ber I,  1906. 
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indicates  either  that  each  atom  of  uranium*  produces,  upon  disintegra- 
tion, two  a  particles,  or  that  there  is  an  a  ray  product,  not  yet  isolated, 
between  U  and  UX. 

Kent  Chemical  Laboratory, 

University  of  Chicago, 

November  23,  1906. 


An  Inanimate  Demon.* 
By  Albert  B.  Porter. 

CLERK  MAXWELL'S  intelligent  ** demon"  was  created  for  the 
purpose  of  showing  the  second  law  of  thermodynamics  to  be  a 
purely  statistical  result  of  molecular  motion.  The  following  argument 
avoids  the  necessity  of  invoking  an  animate  demon.  Imagine  a  gas-filled 
non-conducting  vessel  to  be  divided  into  two  compartments  by  means  of 
a  conducting  partition.  Let  the  partition  be  pierced  by  numerous  holes 
of  molecular  dimensions  closed  by  very  light  spring  trapdoors  all  open- 
ing toward  the  first  compartment.  These  doors  will  be  opened  by  impact 
of  the  gaseous  molecules,  thus  permitting  passage  of  the  molecules  from 
the  second  compartment  into  the  first,  but  preventing  the  passage  of  any 
molecules  in  the  other  direction.  There  will  thus  be  an  accumulation 
of  gas  in  the  first  compartment,  and  a  corresponding  rise  of  pressure 
which  may  be  utilized  as  external  work  by  permitting  the  gas  to  flow 
back  into  the  second  compartment  through  a  turbine  or  other  pressure 
engine.  Mechanical  work  would  thus  be  obtained  by  continuously  cool- 
ing the  working  gas  far  below  the  temperature  of  surrounding  objects 
until' the  molecular  momentum  became  too  feeble  to  force  the  trapdoors. 
If  the  turbine  were  made  to  do  its  work  wholly  within  the  containing 
vessel,  this  work  would  all  be  eventually  given  back  to  the  gas  in  the 
form  of  heat.  The  arrangement  would  then  constitute  (in  the  German 
terminology)  a  perpetual  motion  of  the  second  class.  If  the  gas  vessel 
were  made  with  conducting  walls,  the  engine  would  be  capable  of  utiliz- 
ing uniformly  diffused  heat,  and  would  thus  be  independent  of  a  source 
and  sink. 

It  is  not  difficult  to  imagine  a  molecular  structure  having  the  sort  of 
unilateral  porosity  required  of  the  partition,  but  experiment  has  failed 
to  realize  such  a  septum.  The  assumption  of  structure  of  this  sort  in 
certain  animal  membranes  might  go  far  toward  explaining  such  puzzling 
physiological  phenomena  as  the  high  thermodynamic  efficiency  of  the 
animal  machine. 

*  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decem- 
ber I,  1906. 
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On  Multiple  Crossed  Gratings.* 
By  Albert  B.  Porter. 

THESE  gratings  are  made  by  contact  printing  on  bichromated  gela- 
tine. By  making  a  half-exposure,  then  turning  the  original 
grating  through  a  right  angle  and  completing  the  exposure,  one  secures, 
on  developing  the  plate,  a  grating  consisting  of  two  sets  of  lines  crossing 
at  right  angles.  By  making  a  half-exposure  of  this  crossed  grating  on  a 
second  plate,  turning  it  through  45  **  and  completing  the  exposure,  one 
obtains  a  set  of  four  gratings  crossed  at  45**  on  one  film.  Continuing 
this  double  printing,  a  succession  of  crossed  gratings  are  secured  having 
8,  16,  32,  64,  etc.,  sets  of  lines.  There  is  of  course  some  loss  of  intensity 
at  each  step,  but  much  less  than  might  be  expected.  Starting  with  a 
grating  ruled  with  3,000  lines  to  the  inch,  a  multiple  grating  has  been 
made  in  this  way  having  1,024  sets  of  lines,  each  3,000  to  the  inch, 
crossing  at  symmetrical  angles.  A  gas  flame  seen  through  this  plate 
appears  to  be  surrounded  by  a  continuous  halo,  but  around  a  distant  arc 
lamp  the  individual  spectra  can  be  seen  and  counted.  Under  the  micro- 
scope regularity  of  structure  can  be  recognized  in  the  films  bearing  fewer 
than  32  crossed  gratings,  but  the  films  which  bear  from  32  to  1,024  crossed 
gratings  merely  show  a  mosaic  of  numberless  short  lines  running  in  ap- 
parently random  directions. 

A  Method  for  the  Determination  of  Electrolytic  Resist- 
ance AND  Capacity/ 

By  a.  Hovt  Taylor. 

FOR  very  low  voltages  a  polarizing  electrolyte  behaves  like  a  capacity 
in  series  with  a  resistance ;  with  possibly  a  second  resistance  in 
parallel. 

It  is  possible  to  build  an  A.  C.  bridge  with  three  non-inductive  arms, 
the  fourth  arm  consisting  of  a  capacity  C  in  series  with  a  resistance  r, 
and  an  inductance  Z,  of  resistance  r^.  The  capacity  plus  r,  must  be 
shunted  with  a  resistance  r^ ;  the  inductance  must  be  shunted  with  a  re- 
sistance rj.  Under  these  conditions  a  perfect  telephonic  balance  may  be 
obtained  providing  the  following  equations  hold : 

*  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decern, 
ber  I,  1906. 
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The  last  equation  allows  us  to  calculate  r^,  since  R  is  the  non-induc- 
tive resistance  in  the  third  bridge  arm,  the  proportional  arms  being 
equal. 

The  second  equations  allow  us  to  calculate  r,,  while  the  first  one  gives  C, 
An  electrolyte,  sulphuric  acid  and  water,  with  platinum  electrodes, 
when  substituted  for  the  combination  r^+  C  gives  very  satisfactory  bal- 
ances when  the  E.M.F.  is  not  over  a  few  tenths  of  a  volt. 

An  Experimental  Gyroscope  for  Quantitative  Work.* 
By  Frederick  E.  K ester. 

THE  fundamental  theory  of  gyroscopic  action  can  be  put  into  such 
simple  form,  and  the  problem  is  so  interesting  and  so  instructive, 
that  it  would  seem  desirable  to  introduce  quantitative  work  upon  a  suit- 
ably designed  piece  of  apparatus  as  a  regular  laboratory  experiment  in 
undergraduate  courses.  The  piece  described  in  this  paper  was  designed 
with  the  idea  in  view  of  allowing  all  necessary  measurements  to  be  made 
with  an  accuracy  such  as  to  give  a  sense  of  reliance  in  the  principle 
involved  in  the  experiment. 

What  may  be  called  normal  conditions  of  gyroscopic  action  exist 
when  the  fly-wheel  is  set  spinning  and  the  axis  which  carries  it  is  turned 
with  constant  angular  velocity  about  a  second  axis  perpendicular  to  the 
first ;  in  order  to  maintain  this  double  rotation  it  is  necessary  to  exert  a 
moment  of  force  about  a  third  axis  which  is  perpendicular  to  the  plane 
of  the  first  two  axes.  The  magnitude  of  the  moment  of  force  is 
/•  cwj  •  cwj,  where  /  is  the  moment  of  inertia  of  the  fly-wheel,  at^  and  w^  are 


Fig.  1. 

the  angular  velocities  of  the  wheel  and  of  its  own  axis  about  the  second 
axis.  If  /be  measured  in'^-cm.*  units  and  m^,  w^  in  radians  per  second, 
then  the  moment  of  force  will  be  in  cm. -dynes;  if  /be  in  lb. -ft.*,  the 
moment  of  force  will  be  in  poundal-ft. 

In  the  piece  under  discussion  the  fly-wheel  is  carried  on  ball-bearings 
upon  a  horizontal  spindle  which  is  mounted  at  the  end  of  a  tube ;  the 
tube  is,  in  reality,  a  balance  beam  and  is  provided  with  counterpoises  on 
the  end  opposite  the  wheel.  The  balancing  shaft  (to  take  the  place  of 
the  central  knife-edge  of  the  ordinary  balance-beam)  is  also  mounted  on 

*  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decern 
bcr  I,  1906. 
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balls ;  the  bearings  are  at  the  tops  of  a  vertical  Y-piece,  the  lower  end 
of  which  is  long  and  constitutes  the  second  axis  mentioned  above.  The 
lower  end  of  this  vertical  shaft  carries  a  combination  piece  which  is, 
essentially,  a  set  of  pulleys  (graded  in  size)  and  a  cylindrical  surface 
about  20  cm.  in  diameter  and  3  cm.  high. 

The  laboratory  experiment  would  involve  the  measurement  of  the  two 
angular  velocities  and  of  the  moment  of  force  necessary  to  maintain 
equilibrium  ;  from  this  data  /  is  then  calculated.  The  angular  velocity 
of  the  wheel,  ««j,  is  determined  from  the  clicking  of  a  light  spring  at 
each  revolution ;  that  of  the  vertical  shaft,  <«,  (a  relatively  slow  mo- 
tion) from  the  record,  upon  the  cylindrical  surface  mentioned  above,  of 
a  telegraph  sounder  which  is  beating  seconds  and  which  carries  a  scriber 
for  tracing  upon  the  whitened  surface  of  the  cylinder  (a  mixture  of 
whiting  and  alcohol  is  very  convenient  here);  divisions  engraved  upon 
the  surface,  at  one  edge,  permit  considerable  accuracy  in  this  measure- 
ment. A  scale  of  millimeters  along  the*  side  of  the  balance-beam  to- 
gether with  the  known  mass  of  one  of  the  counterpoises  allow  the  meas- 
urement of  the  moment  of  force  to  be  made  with  sufficient  accuracy. 
Stops  are  provided  for  holding  the  balance-beam  well  within  bounds,  as 
is  also  a  device  for  determining  just  when  balancing  conditions  are 
attained. 

The  value  of  /  thus  obtained  may  be  checked  by  calculation  from  the 
known  mass  and  form  of  the  wheel.  The  piece  is  so  designed  as  to 
permit  a  second  check  on  the  value  of  /  by  the  method  described  by 
Glazebrook  and  Shaw,^  and  by  Millikan.' 

^  Practical  Physics,  2d  ed.,  p.  166. 

*  Molecular  Physics  and  Mechanics,  p.  81 . 
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THE   LATENT   HEAT  OF   RECALESCENCE   IN 
IRON   AND   STEEL. 

By  F.  K.  Bailey. 

THE  phenomenon  of  recalescence  in  iron  and  steel  has,  in  recent 
years,  been  the  subject  of  considerable  study.  Apparently, 
all  the  properties  of  iron  and  steel  undergo  a  change,  greater  or 
less,  at  the  temperature  at  which  the  magnetic  properties  are  lost. 
Such  a  change  of  properties  indicates  what  is  commonly  termed  a 
change  of  state,  that  is,  a  change  of  the  physical  state  or  constitu- 
tion of  the  substance.  As  is  usual  with  such  changes  of  state,  this 
change  in  iron  and  steel  is  accompanied  by  an  absorption  of  heat 
when  passing  from  the  colder  to  the  warmer  state.  As  this  heat  is 
liberated  at  the  corresponding  change  on  cooling,  and  as  it  seems  to 
be  used  solely  to  produce  the  change,  it  may  correctly  be  termed 
latent  heat.  If  the  name  of  the  most  striking  phenomenon  con- 
nected with  the  change,  that  of  recalescence,  be  given  to  the  whole 
phenomenon,  then  we  may  correctly  speak  of  the  latent  heat  of 
recalescence.  Strict  analogy,  however,  would  require  a  name  for 
the  phenomenon  during  rise  of  temperature,  just  as  we  speak  of 
latent  heat  of  fusion  or  of  vaporization.  Or,  a  name  might  be  given 
to  the  substance  in  the  heated  state,  and  we  should  speak  of  the 
latent  heat  of  steel  in  that  state  as  we  speak  of  the  latent  heat  of 
water  or  of  steam. 

The  present  work  was  undertaken  with  a  view  to  determine  the 
value  of  this  latent  heat,  and  to  learn  in  what  way,  if  in  any,  it 
depended  upon  the  composition. 
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Hopkinson*  has  shown  that  a  piece  of  iron  or  steel,  if  heated 
above  the  point  of  recalescence  and  allowed  to  cool  slowly,  pauses 
in  decline  of  temperature,  for  several  seconds,  at  the  temperature 
where  it  becomes  magnetic.  He  also  showed  graphically  that  the 
amount  of  heat  given  off  in  this  interval  is  175  to  200  times  that 
given  off  by  the  same  piece  of  matter,  in  a  fall  of  temperature  of  one 
degree,  just  above  or  below  this  temperature.  That  is,  the  piece 
under  observation  would  give  out  heat  without  fall  of  temperature, 
for  a  period  long  enough  to  reduce  its  temperature  175  or  2CX) 
degrees  if  the  cooling  were  perfectly  uniform. 

These  figures,  however,  give  the  latent  heat  in  terms  of  the  spe- 
cific heat  of  iron  at  this  temperature.  The  best  determinations  of  this 
quantity  have  been  madeby  Pionchon,'and  more  recently  by  Harker,^ 
who  has  corrected  the  values  of  the  former,  besides  making  a  re-de- 
termination. Their  figure  for  the  specific  heat  of  iron  just  above  or 
below  this  temperature  is  .20  times  that  of  water.  Multiplying  by 
this  175  or  200  degrees,  we  get  35  or  40  calories  per  gram,  as  the 
latent  heat  of  recalescence  in  the  specimen  examined.  The  very 
magnitude  of  thi?  quantity  invites  further  study.  For,  comparing 
with  other  substances,  we  find  it  relatively  greater  than  even  the 
latent  heat  of  the  ice-water  change,  which  is  only  about  160  ice  gram 
degrees,  or  80  water  gram  degrees. 

The  specific  heat  of  a  substance  is  determined  from  the  total 
quantity  of  heat  given  up  by  a  unit  of  mass  in  cooling  from  a  given 
high  temperature  to  0°  C,  or  to  some  ordinary  temperature.  If  the 
upper  temperature  is  above  that  of  the  change  of  state,  then  the 
latent  heat  will  be  included  with  the  rest.  If  the  heat  be  expressed 
by  a  formula,  as  is  done  by  Pionchon,  the  latent  heat  should  be  sep- 
arated from  the  other  and  appear  z,%  a  constant  term,  in  formulas 
applying  to  temperatures  above  the  change  of  state.  Pionchon  gives 
several  formulas  for  the  total  heat  between  o®  C.  and  various  high 
temperatures.  They  contain  a  constant  term,  but  it  is  much  larger 
than  the  value  he  gives  for  the  latent  heat,  and  it  also  appears  with 

» Phil.  Trans.,  1889,  A,  pp.  463-465 ;  Proc.  Roy.  5>oc.,  Vol.  48,  p.  442 ;  or  Original 
Papers,  Vol.  II.,  Nos.  30,  31,  pp.  217-226. 

«Ann.  d.  Chim.  c.  Phys.  (6),  Vol.  ii,  p.  33,  1887. 
•Phil.  Mag.,  Vol.  10,  p.  430,  1905. 
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a  negative  sign.  He  finds  for  the  latent  heat  5.3  calories.*  Harker 
does  not  give  a  value  for  the  latent  heat,  but  by  plotting  his  figures  ^ 
one  finds  the  figures  7.5  calories. 

Hopkinson  has  also  shown  ^  that  the  phenomenon  of  recalescence 
is  greatly  affected  by  the  composition  of  the  steel.  This  fact  and 
the  wide  differences  of  previous  results  were  the  incentive  for  the 
present  work.  The  object  of  the 
work  is,  therefore,  to  determine  the 
specific  heat  and  latent  heat  of  sev- 
eral samples  of  steel  and  study  the 
results  in  connection  with  analyses 
of  the  studied  samples.  Both  the 
calorimetric  and  the  rate  of  cooling 
methods  have  been  used.  The  first 
part  of  the  research  comprised  the 
calorimetric  work.  Because  of 
certain  features  of  the  apparatus, 
and  because  the  main  object  of  the 
work  was  the  value  of  the  latent 
heat,  the  range  of  temperature  has 
not  been  great,  viz,,  460*^  to  860  C*^. 

The  Heating  Apparatus, — This 
was  an  electric  resistance  furnace 
constructed  by  the  writer  as  shown 
in  Fig.  I. 

A  square  wooden  box,  B,  was 
made,  whose  inside  measure  was 
30  cm.  side  and  38  cm.  deep.  It 
was  open  at  the  top.  Through  _ 
the  center  of  the  bottom  was  a  hole 
2  cm.  in  diameter.  A  porcelain 
tube,  T',  15  cm.  long,  and  having  an  internal  diameter  of  1.5  cm., 
was  placed  vertically  over  this  hole.  The  whole  bottom  of  the 
box,  around  the  tube,  was  then  covered  to  a  depth  of  8  cm.  with 

1  Loc.  cit ,  pp.  77,  106. 
«Loc.  cit.,  p.  437. 
•Loc.  cit.,  p.  463. 
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magnesia,  M^  firmly  packed.  On  top  of  this  was  placed  a  sheet  of 
asbestos  board  on  which  was  stood  a  sheet  iron  cylinder,  C*,  1 8  or 
20  cm.  in  diameter,  and  25  cm.  high.  (A  piece  of  stove  pipe 
would  be  suitable.)  This  cylinder  was  placed  with  its  axis  coincid- 
ing with  that  of  the  box.  The  space  between  the  cylinder  and  the 
box  was  also  tightly  packed  with  magnesia  as  far  up  as  the  top  of 
the  cylinder.  The  object  of  this  cylinder  was  to  allow  the  heating 
coil  to  be  removed  without  disturbing  the  packing.  The  heating 
coil,  H,  was  placed  in  the  center  of  the  cylinder.  The  heating  coil 
was  a  clay  cylinder  wound  with  nickel  wire.  Two  battery  porous 
cups  were  used,  placed  end  to  end.  The  bottom  of  one  cup  was 
cut  off  and  the  end  ground  to  fit  neatly  the  other  cup.  The  bottom 
of  the  second  cup  was  pierced  with  a  hole  large  enough  to  admit 
the  tube,  T,  The  cylinders  were  wound  separately.  Nickel  wire 
No.  20  B.  &  S.  gauge  was  used.  The  cups  were  first  wrapped  with 
two  layers  of  asbestos  paper,  then  wound  with  wire,  and  then  cov- 
ered with  a  paste  made  of  magnesia  and  water.  The  wire,  after 
being  annealed,  was  wound  on  by  hand,  the  turns  being  about 
3  mm.  apart.  The  paste  was  spread  on  smoothly  to  a  thickness  of 
half  a  centimeter,  the  ends  of  the  wires,  in  the  meantime,  being 
held  by  clamps.  When  the  paste  had  dried,  the  coils  were  placed 
in  the  center  of  the  space  within  the  cylinder,  C,  the  tube,  T,  pro- 
jecting up  into  the  lower  cup  some  8  cm.  The  lead  wires  were 
brought  to  the  top  of  the  box  through  glass  tubes,  and  the  remain- 
ing space  between  the  coil,  H^  and  cylinder,  C,  was  tightly  packed 
with  dry  magnesia.  A  layer  about  2  cm.  thick  of  the  magnesia 
paste,  nearly  dry,  was  then  spread  over  the  top  and  firmly  pounded 
down,  so  that  the  top  was  even  and  hard.  The  shell  of  magnesia 
on  the  heating  coils  held  the  wires  in  place  and  remained  intact 
even  after  many  heatings.  When,  after  long  use,  the  wires  had  to 
be  renewed  and  the  clay  cups  were  withdrawn,  this  shell  came 
out  whole  and  was  firm  enough  to  require  a  metal  tool  for  its 
removal.  The  heating  coil  having  two  parts  was  a  decided  advan- 
tage, for  it  not  only  allowed  greater  variation  in  heating,  but  also 
made  the  process  of  packing  easier.  Moreover,  if  one  coil  were 
destroyed,  it  alone  need  be  rewound.  This  completed  the  furnace, 
it  consisting  essentially  of  a  clay  cylinder  wound  with  wire,  and 
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surrounded  with  a  thick  packing  of  magnesia,  there  being  a  tube 
connecting  the  space  inside  the  cyh'nder  with  the  space  outside 
beneath  the  furnace. 

The  furnace  constructed  in  this  manner  proved  both  durable  and 
efficient.  Temperatures  above  1,000°  C.  were  not  attempted,  but 
the  furnace  was  heated  many  times  to  somewhat  lower  tempera- 
tures, 700°  to  900°  C,  the  period  of  the  high  temperature  being 
four  or  five  hours.  Even  when  the  temperature  had  been  main- 
tained near  to  i  ,000*^  C.  for  several  hours,  the  outside  of  the  box 
could  be  touched  with  the  hand  with  no  discomfort.  The  inside  of 
the  box  may  have  been  as  warm  as  100*^  C. ;  hence,  the  magnesia 
would  maintain  a  gradient  of  80°  C.  per  cm.  The  heating  current 
was  alternating  current  taken  from  the  lighting  circuit  at  1 10  volts. 
The  current  was  regulated  with  a  rheostat.  To  maintain  a  tem- 
perature of  1,000°  C.  between  5  and  6  amperes  were  required. 
The  resistance  at  1,000°  was  about  10  ohms;  h^nce,  the  energy 
radiated  by  the  furnace  when  the  interior  was  at  1,000°,  must  have 
been  about  360  watts. 

Calorimetry,  —  Two  methods  of  calorimetry  were  tried.  The 
first  method  was  that  of  Hesehus,  successfully  used  and  described 
by  Waterman.*  While  the  method  will  give  accurate  results  if  suf- 
ficient care  is  taken,  it  has  still  one  serious  defect  in  that  two  tem- 
peratures must  be  measured  with  great  precision  on  two  different 
thermometers.  Even  if  these  are  carefully  calibrated  and  com- 
pared, an  extra  source  of  error  is  introduced  at  a  vital  part  of  the 
process.  In  addition  to  this,  the  increased  difficulty  of  manipula- 
tion is  an  objection  to  the  method.  The  rfisults  not  being  suffi- 
ciently accurate,  the  method  was  abandoned  and  the  ordinary 
method  of  mixtures  used.  ' 

The  furnace  was  mounted  on  four  legs,  Z,  30  cm.  long.  Con- 
necting the  legs  on  each  side  were  cross  sticks  on  which  was  placed 
a  board  65  cm.  long  and  25  cm.  wide.  On  this  board  was  placed 
a  small  turntable  consisting  of  a  disk  of  hard  rubber,  7  cm.  in 
diameter,  grooved  on  the  edge,  and  supported  by  its  center  on  the 
upper  end  of  a  small  shaft.  The  lower  end  of  the  shaft  rested  on 
the  conical  end  of  a  screw,  by  which  the  height  of  the  disk  could 
1  Physical  Review,  Vol.  4.  p.  161,  1897. 
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be  adjusted.  A  small  electric  motor,  Ny  was  also  mounted  on  the 
board  and  connected  to  the  turntable  by  a  small  belt. 

The  calorimeter,  K,  was  a  polished  silver  cup  7  cm.  high  and  7 
cm.  in  diameter,  and  had  a  weight  of  50  grams.  Its  water  equiva- 
lent was,  therefore,  2.8  grams.  The  calorimeter  was  carried  on  the 
turntable,  resting  on  three  bits  of  cork.  The  turntable  was  so 
placed  that  when  the  board  was  pushed  in  to  a  stop,  the  calorimeter 
was  directly  under  the  center  of  the  furnace  (this  is  the  position 
shown  in  the  figure),  and  when  drawn  out  to  another  stop,  the 
calorimeter  was  in  a  convenient  position  to  remove  and  change. 
The  wires  leading  to  the  motor  were  so  arranged  that  the  circuit 
closed  automatically  when  the  board  was  pushed  in. 

To  reduce  radiation,  a  water  jacket,  y,  was  made,  which  com- 
pletely covered  the  calorimeter  except  for  a  circle  2.5  cm.  in  diam- 
eter above  the  center.  The  water  jacket  was  bright  on  the  inside 
and  had  a  water  thickness  of  2  cm.  The  outside  of  the  jacket 
was  covered  with  two  thicknesses  of  asbestos  paper.  Tlfrough  the 
top  of  the  jacket  passed  two  tubes.  One  of  these  was  2.5  cm.  in 
diameter  and  was  in  the  center  of  the  top.  This  opening  served  to 
admit  the  hot  body  to  the  calorimeter  and  was  lined  on  the  inside 
with  asbestos  paper,  the  tube  of  lining  extending  above  the  top  of 
the  jacket  so  that  it  came  within  .  5  cm.  of  the  bottom  of  the  fur- 
nace. The  other  hole  had  a  diameter  of  I  cm.  and  had  an  oblique 
position.  The  purpose  of  this  tube  was  to  admit  the  thermometer. 
The  thermometer,  Q^  consisted  of  a  thermopile  of  four  elements  of 
copper-german  silver.  The  wires  in  the  elements  were  60  cm.  long, 
except  the  terminal  copper  wires,  which  were  long  enough  to  reach 
the  galvanometer.  The  pile  was  connected  directly  to  a  d' Arson val 
galvanometer  having  a  resistance  of  1 14  ohms.  The  pile  was  care- 
fully calibrated  with  mercury  thermometers  and  found  to  give  a 
deflection  of  23.3  mm.  (scale  distance,  50  cm.)  per  degree  Centi- 
grade difference  in  temperature  of  the  junctions.  The  deflection 
was  found  to  be  a  linear  function  of  the  difference  in  temperature, 
which  fact  permitted  the  rise  in  temperature  in  the  calorimeter  to  be 
derived  directly  from  the  difference  in  deflection,  without  first  reduc- 
ing to  initial  and  final  temperatures.  The  constant  temperature 
junctions  were  fixed  into  a  glass  tube  containing  oil,  and  this  tube 
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placed  in  water  contained  in  a  jar  insulated  with  a  thick  covering  of 
magnesia.  The  temperature  of  this  bath  was  determined  to  a  tenth 
of  a  degree  by  a  mercury  thermometer.  This  temperature  was 
very  constant,  not  changing  by  a  degree  in  several  hours.  Since, 
in  any  one  operation,  the  pile  was  in  use  only  two  or  three  minutes, 
the  constant  temperature  ends  could  not  have  changed  by  one  one- 
hundredth  degree  during  the  operation.  The  wires  of  the  pile  were 
bound  together  in  a  rubber  tube  and  one  end  passed  through  the 
small  hole  in  the  water  jacket.  It  was  securely  fastened  in  this 
hole  with  the  ends  projecting  inward  in  such  a  position  that  when 
the  jacket  was  placed  over  the  calorimeter,  the  ends  dipped  therein. 
The  ends  were  spread  apart  and  small  pieces  of  mica  (i  cm.  square) 
attached  to  them.  The  ends  and  mica  were  covered  with  collodion 
to  give  insulation*  and  also  to  hold  on  the  mica  vanes.  These  vanes 
served  to  stir  the  water  when  the  calorimeter  was  rotated.  This 
method  of  stirring  proved  very  effective  and  convenient.  (If  the 
axis  of  the  calorimeter  were  made  to  describe  a  cone,  the  water 
could  be  rotated  without  rotating  the  calorimeter.  This  might  be 
desirable  in  some  cases.) 

Manipulation,  —  The  specimen  whose  specific  heat  was  to  be 
determined  was  made  into  a  sphere  small  enough  to  pass  through 
the  tube,  T,  This  tube  projected  some  8  cm.  into  the  chamber  of 
the  furnace,  and  carried  on  its  upper  end  a  small  funnel,  F^  made  of 
cast  iron.  (For  temperatures  above  800**  the  iron  funnel  is  unsatis- 
factory by  reason  of  its  oxidation,  the  oxide  sticking  to  the  rod,  5, 
and  preventing  its  rising.  A  clay  funnel  would,  no  doubt,  solve 
the  difficulty.)  The  funnel  was  closed  by  a  rod  of  clay  or  porce- 
lain, 5,  larger  than  the  hole,  resting  in  it.  This  rod  extended 
through  the  cover  of  the  furnace  and  carried  at  its  upper  end  a 
short  iron  rod  which  extended  into  a  solenoid,  A^  rigidly  fixed  above 
the  furnace.  The  rod  could  be  lifted  by  passing  a  current  through 
the  solenoid.  The  iron  rod  was  continued  in  a  smaller  brass  rod, 
to  upper  end  of  which  was  attached  a  counterbalance.  A  notch  in 
the  brass  rod,  and  a  detent  (not  shown)  served  to  hold  up  the  rod 
when  once  lifted.  This  was  to  prevent  the  rod  from  falling  back 
with  a  jar  into  the  funnel.  The  lower  end  of  the  tube,  Ty  was 
covered  by  a  slide  which  could  be  drawn  aside  by  a  magnet,  D, 
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and  closed  by  a  spring.  The  wires  were  so  connected  that  the 
circuit  through  the  upper  solenoid  was  closed  by  the  opening  of  the 
slide.     This  insured  the  funnel  opening  immediately  after  the  slide. 

When  the  specimen  was  introduced  into  the  furnace,  it  rested  in 
the  funnel  beside  the  rod,  5,  and  when  this  was  lifted,  the  ball  rolled 
down  the  funnel  and  fell  directly  into  the  calorimeter.  Its  total  fall 
was  28  cm.,  of  which  10  cm.  was  through  hot  tube  in  the  furnace, 
8  cm.  through  tube  varying  from  the  furnace  temperature  to  atmos- 
pheric temperature,  and  the  remainder,  10  cm.,  through  the  water 
jacket  at  atmospheric  temperature.  There  was,  therefore,  very  little 
opportunity  for  cooling  before  the  calorimeter  was  reached. 

The  size  of  the  specimen  and  of  the  calorimeter  was  so  propor- 
tioned that  the  rise  in  temperature  of  the  latter  was  small.  This 
reduced  the  radiation  to  negligible  proportions.  The  calorimeter 
temperature  would  rise  quickly  and  remain  stationary  for  a  much 
longer  period.  Moreover,  the  initial  temperature  of  the  calorimeter 
could  be  varied  several  degrees  without  appreciable  change  in  the 
results.  The  greatest  error  observed  which  could  be  assigned  to 
this  cause,  was  about  two  per  cent,  and  this  was  a  very  unfavorable 
case.  The  temperature  of  the  calorimeter  was  usually  such  that  the 
final  temperature  was  not  more  than  one  or  two  degrees  above  that 
of  the  water  jacket.  (The  errors  due  to  radiation  might  be  wholly 
eliminated  if  the  water  in  the  jacket  were  heated  at  the  same  time 
and  to  the  same  degree  as  that  in  the  calorimeter.  By  making  the 
chamber  of  the  furnace  double  and  providing  a  piece  whose  heat 
capacity  should  bear  the  same  ratio  to  that  of  the  calorimetric  piece 
that  the  heat  capacity  of  the  jacket  bears  to  that  of  the  calorimeter, 
and  then  dropping  the  two  pieces  at  once  into  the  jacket  and  calori- 
meter respectively,  with  proper  stirring,  the  desired  result  should 
be  obtained.  Or  the  jacket  might  be  heated  electrically  and  equality 
of  temperature  maintained  by  the  use  of  a  second  thermo-couple.) 

The  temperature  of  the  furnace  was  determined  by  a  platinum- 
platinum-rhodium  couple,  0,  The  E.M.F.  was  measured  on  a 
Wolff  potentiometer,  adjusted  to  read  directly  in  hundredths  of  a 
millivolt.  The  temperature  of  the  hot  junction  was  then  found  from 
a  table  made  for  the  purpose.  The  element  was  compared  with  a 
standard  element  made  of  wires  from  the  same  pieces  and  calibrated 
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at  the  National  Bureau  of  Standards  in  Washington,  District  of 
Columbia.     The  formula  given  for  the  standard  element  was  : 

£  =  —  0.280  +  0.00788/  +  0.00000182/^. 

The  element  used  in  these  experiments  had  a  slightly  higher 
E.M.F.  and  the  values  for  temperature  and  E.M.F.  in  the  table  used 
were  as  follows,  the  cold  junction  being  at  0°  C. 

Temp.  300        400        500        600        700        800         900     1,000    degrees  C. 

E.M.F.       2.14       3.08       4.06      S.OS      6.08       7.14       8.24      9.37    millivolts. 

The  cold  junctions  were  fixed  in  a  glass  tube  in  a  manner  quite  sim- 
ilar to  that  in  case  of  the  pile  Qy  and  they  were  kept  in  the  same  water 
bath.  The  hot  junction  was  inserted  in  the  furnace  bare,  the  wires 
passing  through  a  length  of  two-way  clay  tubing.  The  junction 
was  very  close  to  the  funnel  and  could  almost  be  touched  by  the 
ball.  In  some  later  experiments  the  junction  was  broken  and  the 
wires  reunited.  This  new  junction  was  then  compared  with  the 
standard  and  found  to  agree  exactly  with  the.  former  calibration. 
The  furnace  temperature  rose  slowly  during  any  series  of  experi- 
ments (see  below),  but  the  rate  was  so  slow  that  it  was  assumed  that 
the  ball  and  element  were  at  the  same  temperature.  This  assump- 
tion was  justified  by  the  fact  that  when  the  ball  had  been  in  the 
furnace  for  fifteen  minutes  it  became  perfectly  indistinguishable  from 
its  surroundings.  This  was  repeatedly  observed.  A  difference  of 
a  single  degree  would  have  rendered  it  visible.  The  ball  was  left  in 
the  furnace,  as  a  rule  for  twenty  minutes. 

A  single  experiment  comprised  the  following  operations :  (i) 
Placing  specimen  in  furnace,  (2)  filling  and  weighing  calorimeter, 
(3)  placing  same  in  jacket  under  furnace,  (4)  setting  and  reading 
potentiometer,  (5)  reading  galvanometer  for  initial  temperature  of 
calorimeter,  (6)  dropping  spedmen  into  calorimeter,  (7)  reading 
galvanometer  for  final  temperature  of  calorimeter,  (8)  reading 
thermometer  in  water  bath,  (9)  removing  calorimeter  and  speci- 
men. 

The  time  between  operations  3  and  4  was  sufficient  to  reduce  the 
previous  set  of  readings.  Below  is  given  a  specimen  set  of  observa- 
tions as  taken  from  the  note  book. 
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Specimen  No,  7. 

[Vot. 

H      \       I 

XXIV. 

A                   B             \      C      \        D        \        E        \f      \      G      \ 
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8        227.2  grams.  1  aSO*      400^   j  482  ^  1    882  '  16.2^  1 
!  180.0      "     1  740^                 1  2.1*»      '  3.79r  18.3^  1 

IW     682.2 
730**      .1513 

7.9 

Weight  of  ball,  6.103  gnims ;  weight  of  covering,  0.327  gram. 
Heat  capacity  of-covering  per  loo**,  1.09  calories. 

Headings  of  columns,  first  row.                                            Second  row,  calculations. 

A,  Number  of  experiment. 

B,  Weight  of  water  and  calorimeter  (obs. ) . 

C,  Reading  of  potentiometer  (obs. ). 

7>.  Reading  of  galvanometer  before  drop 
(obs.). 

E.  Reading  of  galvanometer    after  drop 

(obs.). 

F.  Swing  of  galvanometer^:^ — D{  calc. ) . 

G.  Temperature  of  wietter  bath  (obs. ). 

H,  True  temp,  of  furnace  =  C,  -|-     . 

/.  Heat  given  to  calorimeter  ■=  B^Fy 
J.  Heal  given  to  calorimeter  by  covering 

//,i.09 

~  ~ioo 


Water  equivalent  of  same. 
Temperature  corresponding  in  table. 


DifT.  temperature  bet.  cal.  &  bath. 

Rise  in  cal.  temp. 

Final  temp,  of  cal.  =-  ^  -|-  £j. 

Fall  in  temp,  of  specimen  =  H —  G^ 

Mean  specific  heat=  ^  -  -^_- 


The  first  part  of  the  research  consisted  in  the  determination  of 
the  specific  heat  of  several  samples  of  steel  having  different  composi- 
tion. In  addition  to  this,  experiments  were  made  on  platinum, 
nickel,  aluminum  and  copper.  The  results  of  these  experiments 
follow : 


tinum. 
Specific. 

N 
Total. 

minum. 

c< 

Temp. 

Pla 
Total. 

ickel. 

Alu 

►pper. 

Specific. 

Total. 

Specific. 

Total. 

Specific. 

400-20 

42.4 

.1115 

86.6 

.2280 

500-20 

55.0 

.1145 

113.8 

.2370 

550-20 

17.6 

.03331 

128.0 

.2415 

51.6 

.0975 

600-20 

19.4 

.03344 

68.0 

.1173 

142.7 

.2460 

57.2 

.0987 

700-20 

22.9 

.03370 

81.6 

.1200 

68.7  '    .1010 

800-20 

26.4 

.03395 

.95.7 

.1227 

1 

900-20 

30.1 

.03422 

_. 

1 

Only  a  few  experiments  were  made  on  aluminum  and  copper ; 
hence  the  figures  given  have  little  value.  The  pieces  were  taken 
from  commercial  stock  found  in  the  shop  of  the  laboratory.  The 
platinum  and  nickel  specimens  were  obtained  from  Baker  &  Com- 
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pany,  of  Newark,  New  Jersey.  No  analyses  were,  made  of  these 
pieces.  The  figures  given  for  nickel  and  platinum  are  derived  from 
the  means  of  about  40  experiments  in  each  case. 

The  steel  specimens  are  numbered  consecutively  from  i  to  9. 
Nos.  I  and  2  are  from  pieces  of  machinery  steel  or  rolled  iron 
found  in  the  shop  of  the  laboratory.  No.  3  is  a  piece  of  Stubbs 
tool  steel.  Nos.  4  to  9  were  supplied  by  the  firm  of  Pratt  &  Inman, 
of  Worcester,  Massachusetts,  from  their  regular  stock.  Nos.  4  to 
7,  inclusive,  were  made  by  the  Gautier  Department  of  the  Cambria 
Steel  Company,  of  Johnstown,  Pennsylvania,  and  Nos.  8  and  9  were 
made  by  the  Crucible  Steel  Company  and  the  Colonial  Steel  Com- 
pany, respectively. 

All  the  samples  were  analyzed  in  the  chemical  laboratory  of  Clark 
University,  by  Mr.  E.  A.  Harrington,  a  student  in  the  university. 

The  results  were  as  follows,  in  fractions  of  i  per  cent : 


No. 
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/» 

5 
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.09 

2 

.05 

3 

.97 

.07 

.01 

4 

.08 

.08 

.01 

.82 

5 

.18 

.13 

.03 

.77 

6 

.26 

.16 

.01 

.42 

7 

.28 

.19 

.04 

.83 

% 

.40 

.02 

.02 

.49 

9 

.79 

.03 

.02 

.40 

As  already  stated,  the  specimens  were  used  in  the  shape  of  a  ball. 
These  balls  were  about  1 1  mm.  in  diameter  and  were  covered  with 
platinum  foil.  The  balls  weighed  between  5  and  6  grams  each. 
They  were  first  given  a  thin  nickel  plating.  Two  circular  disks  of 
foil  were  cut,  each  large  enough  to  cover  more  than  half  of  the  ball. 
These  were  annealed  by  heating  to  redness  in  a  gas  flame,  and 
pressed  into  shape  by  placing  them  on  a  cake  of  wax  and  forcing 
the  ball  and  foil  into  the  wax.  The  two  cups  thus  formed  covered 
the  ball  and  overlapped  by  one  or  two  millimeters.  The  ball  was 
then  seized  in  tongs,  in  such  a  way  as  to  press  the  two  caps  together, 
and  heated  to  redness  in  a  flame.  By  quickly  hammering  the  joint, 
the  two  halves  of  the  covering  could  be  welded  together.     By  re- 
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heating  and  rolling  the  ball  between  two  smooth  pieces  of  iron,  the 
covering  was  made  to  fit  the  ball  closely.  No  covering,  however, 
remained  intact  through  a  whole  series  of  experiments.  It  was 
usually  punctured  by  the  sixth  or  eighth  heating.  This  gave  no 
trouble,  for  the  piece  was  frequently  weighed  and  the  change  in 
weight  was  very  small,  even  when  quite  a  crackappeared.  The 
foil  used  was  0.03  mm.  thick. 

Results,  —  The  data  obtained  were  reduced  to  mean  specific  heat 
for  each  experiment,  and  the  results  plotted  on  cross-section  paper. 
The  mean  was  then  found  by  drawing  a  curve  through  the  points 
plotted.  Something  over  30  points  were  found  for  each  curve  and 
nearly  all  were  within  one  per  cent,  of  the  mean  line.  The  final 
temperature  of  the  calorimeter  was  always  very  near  20*^  C.  and  this 
temperature  is  taken  as  the  lower  temperature  in  subsequent  calcu- 
lations. The  total  heat  per  gram  was  then  calculated  from  the 
mean  specific  heat  curve.  Although  this  is  a  round-about  method, 
since  the  total  heat  is  directly  determined,  it  has  some  advantages 
in  finding  the  mean.  For,  if  qj  be  the  total  heat  required  to  heat 
the  piece  from  o®  to  Z°,  and  c  the  specific  heat  at  any  temperature, 
then 

cdT 


-'-£ 


where  ^  is  a  function  of  T.     If  c  can  be  expressed  as  a  very  rapidly 
converging  power  series,  as 

where  a,  /9,  y,  etc.,  are  constants,  then 

y/=  a  'CdT+  ^  r2TdT+  r  (\'rdT+  ■  ■  ■ 

t/o  «/o  t/O 


and 


T 


KyT^,  etc.,  are  small  in  comparison  with  a  and  ^T,  as  is  usually 
the  case,  then  5  becomes  a  linear  function  of  7". 
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If  the  latent  heat  L  appears  then  the  formulas  become : 
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and 


5/=y,+  a+^r+r7^+. 


For  the  curve  beyond  the  point  where  the  latent  heat  appears,  the 
latent  heat  should  be  subtracted  before  dividing  by  T,  giving : 


Table  I. 

Total  Heat  ^q^'T. 


Temp. 

No.i. 

No.  9. 
55.0 

No.  3. 
54.8 

No.  4. 

No.  5. 

No.  6. 

No.  7. 

No.  8. 

No.  9. 

470 

57.6 

51.8 

57.5 

56.0 

55.3 

55.6 

55.0 

520 

64.8 

62.6 

63.2 

59.3 

65.0 

63.5 

63.0 

63.6 

63.0 

570 

72.4 

70.5 

72.3 

67.1 

72.6 

71.1 

71.3 

72.0 

71.3 

620 

80.8 

78.6 

81.7 

75.9 

80.7 

79.6 

80.2 

80.6 

80.2 

670 

90.8 

87.1 

91.4 

86.0 

90.1 

89.3 

89.9 

89.7 

89.6 

720 

103.6 

97.5 

101.6 

97.0 

101.0 

99.5 

99.8 

99.4 

99.5 

770 

117.7 

110.8 

126.5 

111.1 

118.2 

117.0 

119.0 

125.4 

124.9 

820 

128.4 

120.8 

134.8 

127.1 

129.6 

128.5 

128.0 

134.6 

134.9 

860 

136.1 

128.5 

139.8 

135.2 

136.2 

134.0 

134.1 

142.0 

143.0 

Table   II. 

Mean  Specific  Heat  =  S^T - 


^20^ 


Temp. 

No.  I. 

No.  a.. 

No.  3. 

No.  4. 

No.  5. 

No.  6. 

No.  7. 

No.  8. 

No.  9. 

470 

.1281 

.1223 

.1220 

.1150 

.1280 

.1242 

.1220 

.1231 

.1218 

520 

.1296 

.1252 

.1268 

.1182 

.1300 

.1269 

.1260 

.1270 

.1260 

570 

.1316 

.1281 

.1313 

.1218 

.1319 

.1293 

.1298 

.1308 

.1300 

620 

.1346 

.1310 

.1359 

.1262 

.1347 

.1328 

.1338 

.1344 

.1338 

670 

.1397 

.1340 

.1405 

.1322 

.1386 

.1372 

.1380 

.1381 

.1377 

720 

.1480 

.1393 

.1451 

.1385 

.1444 

.1419 

.1421 

.1420 

.1420 

770 

.1570 

.1477 

.1684 

.1485 

.1577 

.1559 

.1590 

.1670 

.1665 

820 

.1605 

.1510 

.1683 

.1590 

.1619 

.1606 

.1600 

.1680 

.1685 

860 

.1620 

.1530 

.1682 

.1610 

.1623 

.1595 

.1597 

.1687 

.1702 

The  values  oi  q  and  5  are  given  in  Tables  I.  and  II.,  respectively, 
and  these  values  are  plotted  in  Figs.  2  and  3.     Plots  are  given  only 
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for  samples  3  to  9  inclusive.  In  the  plots  the  abscissae  represent 
temperature  and  the  ordinates,  in  Fig.  2,  represent  q^^  and  in  Fig. 
3,  S^^,     For  the  sake  of  comparison,  the  curves  are  placed  one 
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Fig.  3. 

above  another,  the  initial  and  final  values  being  given  at  the  left  and 

right  respectively.     The  scale  of  ordinates  is  also  given  at  the-right. 

Inspection  of  the  curves  shows  that  the  values  of  both  q  and  5 

increase  with  the  temperature.     The  curves  for  5  between  500°  and 
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700°  are  nearly  straight  and  rise  at  a  rate  varying  between  .004  and 
.009  per  100°.  This  gives  the  value  ofj8(7'and  higher  coeffici- 
ents being  neglected).  The  greatest  difference  between  values  of 
q  for  different  samples  are  between  i  and  4  at  470°,  5.8  =  10  per 
cent. ;  between  3  and  4  at  620°,  5.8  =  6  per  cent. ;  between  2  and 
9  at  820°,  14.1  =  1 1  per  cent. 

Taking  sample  7  for  example,  we  find,  between  470  and  720  j8  = 
.00008.  Between  720  and  780  latent  heat  appears  to  the  amount 
9.7  cal.     Subtracting  this  from  values  of  q  in  the  table,  we  have  : 


T 

770 

820 

860 

Q^^ 

108.3 

118.3 

124.4 

s^^ 

.1444 

.1479 

.1481 

These  values  are  not  sufficient  to  calculate  ^,  but  show  that  it  may 
even  become  negative.  The  figures  and  the  curve  here  indicate 
that  it  is  very  nearly  zero.  By  extrapolation,  we  find  a  =  5^^,  = 
.0860,  whence 

S^ ^  .0860  +  .00008  T 
and 

020^=. 0860  r+ .00008  T^  between  7=470°  and    7=:  720°. 
The  value  .0860  for  a  being  too  low,  shows  that  another  coeffi- 
cient is  needed.     Above  820°  the  formulas  become 


and 


V=^/+i48o± 
^20''=  97 +.14807. 


Table  III. 

specific  Heat  =  c. 


Temp. 

No.  4. 
.150 

No.  5. 

No.  6. 
.150 

No.  7. 

No.  8. 

No.  9. 

470-520 

.150 

.154 

.160 

.160 

520-570 

.156 

.152 

.152 

.174 

.168 

.166 

570-620 

.176 

.162 

.170 

.178 

.172 

.178 

620-670 

.182 

.188 

.194 

.194 

.182 

.188 

670-720 

.220 

.218 

.204 

.198 

.194 

.198 

720-770 

.282 

.344 

.350 

.384 

.520 

.508 

770-820 

.320 

.228 

.230 

.180 

.184 

.200 

820-860 

.202 

.165 

.137 

.152 

.185 

.202 
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The  specific  heat  Cj.  at  the  temperature  T  is  given  by  the  slope 
of  the  curve  q.  These  can  be  calculated  from  Table  I.  and  are 
given  in  Table  III. 

Table  IV.  gives  the  figures  obtained  for  a  single  sample,  No.  7, 
as  recorded  in  the  notebook. 

Table  IV. 


No. 

T«mp.,  Deg.  C. 

TotmlHeat--=^f, 
Calorics  Per  Oram. 

Mean  Sp.  Heat  »5fo 

1 

520 

62.7 

.1254 

2 

552 

68.3 

.1282 

3 

575 

72.4 

.1304 

4 

612 

78.8 

.1331 

5 

618 

81.2 

.1358 

6 

631 

83.5 

.1366 

7 

634 

82.6 

.1346 

8 

636 

83.5 

.1355 

9 

656 

86.5 

.1359 

10 

664 

88.1 

.1367 

11 

665 

88.9 

.1376 

12 

672 

90.4 

.1386 

13 

673 

89.5 

.1370 

14 

687 

92.7 

.1389 

15 

692 

93.6 

.1390 

16 

692 

95.0 

.1414 

17 

700 

96.1 

.1413 

18 

708 

96.4 

.1401 

19 

721 

100.6 

.1435 

20 

728 

102.3 

.1444 

21 

732 

102.5 

.1439 

22 

745 

112.2 

.1546 

23 

750 

110.5 

.1513 

24 

764 

118.4 

.1591 

25 

767 

118.3 

.1583 

26 

782 

122.4 

.1604 

27 

790 

120.8 

.1568 

28 

813 

125.0 

.1575 

29 

817 

127.5 

.1600 

30 

825 

126.9 

.1575 

The  second  part  of  the  research  consisted  in  studying  the  manner 
in  which  the  various  kinds  of  steel  increased  or  decreased  in  tem- 
perature. A  cylinder  of  each  of  Nos.  4  to  9  was  cut,  having  a 
length  of  5.1  cm.  and  a  diameter  of  2  cm.     A  hole  large  enough 
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to  admit  the  platinum-platinum-rhodium  element  was  drilled  in  the 
axis  to  a  depth  of  2.5  cm.  so  that  the  end  of  the  hole  was  near  the 
center  of  the  piece.  These  cylinders  were  covered  with  mica  and 
one  or  two  layers  of  asbestos  paper,  then  wound  with  wire  having 
a  resistance  of  about  6  ohms.  The  whole  was  then  thickly  cov- 
ered with  a  paste  of  magnesia  wet  with  water,  the  thermo-element 
previously  used  in  the  furnace  being  inserted  in  the  hole  in  the  iron. 
The  paste  was  dried  and  the  whole  thing  packed  in  dry  magnesia 
so  that  there  was  5  to  8  cm.  of  magnesia  between  the  cylinder  and 
the  open  air.  The  cylinder  was  then  heated  by  passing  a  current 
through  the  wire.  Three  amperes  was  sufficient  to  carry  the  piece 
slowly  to  a  temperature  of  850°  C.  In  order  to  read  the  tempera- 
ture directly  on  the  galvanometer,  a  resistaace  was  put  in  series 
with  the  galvanometer  such  that  one  millivolt  on  the  potentiometer 
produced  a  deflection  of  10  cm.  on  the  scale  of  the  galvanometer. 
The  potentiometer  was  then  set  at  5. 50  millivolts  which  corresponded 
to  a  temperature  of  the  thermo-j unction  of  652°  C.  The  range  of 
the  galvanometer  scale  u*ed  was  from  —  10.00  cm.  to  -f-  20.00  cm., 
or  from  552°  C.  to  841°  C,  when  the  cold  junction  was  at  16°  C. 
Thus  one  millimeter  on  the  scale  corresponded  very  nearly  to  one 
degree  Centigrade. 

When  the  cylinder  had  reached  a  temperature  which  could  be 
read  on  the  galvanometer,  the  reading  of  the  galvanometer  was 
noted  every  minute,  and  when  passing  the  critical  points,  readings 
were  made  every  half  minute.  The  rate  of  rise  or  fall  varied,  but 
seldom  exceeded  20°  C.  per  minute.  The  current  was  allowed  to 
pass  until  the  piece  had  reached  a  temperature  of  800°  to  850°  C, 
when  the  circuit  was  of)ened  and  the  cylinder  allowed  to  cool.  The 
cooling  was  allowed  to  proceed  until  a  temperature  of  about  600° 
C.  was  reached,  when  the  circuit  was  again  closed  and  the  piece 
reheated.  In  general,  three  heating  and  three  cooling  curves  were 
made  with  each  piece. 

In  every  sample  there  was  a  point  of  inflection  in  the  heating 
curves  at  a  temperature  of  about  730°  C.  In  piece  No.  4  the  in- 
flection was  slight,  the  temperature  rising  continuously  but  more 
slowly  as  this  temperature  was  passed.  With  the  higher  carbon 
steels,  however,  the  temperature  at  a  certain  point  remained  con- 
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stant,  to  a  fifth  of  a  degree,  for  a  minute  or  more.  Once  the  tem- 
perature appeared  to  fall  about  a  degree  while  heating,  but  the 
cause  of  this  is  uncertain. 

In  cooling  the  temperature  fell  steadily  to  a  temperature  of  670° 
to  710°  C,  when,  except  in  the  case  of  No.  4,  the  fall  ceased,  the 
tenjperature  rose,  remained  constant  for  a  period,  and  then  fell 
steadily.  The  temperature  of  recalescence  was  higher  with  the 
higher  carbon  steels,  and  the  time  spent  in  the  process  was  also 
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Fig.  4. 

greater.  In  No.  4  there  was  no  recalescence,  but  the  temperature 
fell  decidly  less  rapidly  for  a  minute  or  more  at  about  670°  C.  The 
phenomenon  observed  by  Hopkinson  *  and  Osmond  was  also  ob- 
served, that  the  temperature  of  recalescence  \yas  lower  if  the  heating 
•had  been  higher.  Some  of  the  cooling  curves  show  a  decided  bend 
at  the  temperature  where  absorption  occurs  on  heating.  There 
appears  to  be  some  change  at  this  point,  but  it  has  not  been  given 
any  special  investigation.  The  heating  and  cooling  curves  are  given 
in  Figs.  4  and  5. 

To  see  if  tempering  the  steel  had  any  effect,  cylinder  No.  8  was 
five  times  heated  to  bright  redness  and  plunged  into  water.  It  was 
then  rewound  and  heated  as  before.  No  decided  change  in  be- 
havior could  be  noticed,  and  the  amount  of  heat  absorbed  and  liber- 

*  Proc.  Roy.  Soc,  Vol.  48,  p.  442. 
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ated  in  the  change  of  state  was,  within  the  limits  of  error,  the  same. 
No.  8  was  then  heated  until  its  temperature  became  constant,  and 
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^^^^  Fig,  5.1 

^^^^^s  it  began  to  rise  again  the  current  was  turned  off  and  the  piece 
"^     bcgaa.to  cool.     There  was  no  recalescence,  but  the  temperature 


1  By  an  error  in  drawing  Curve  VII  has  been  slightly  shifted  upward.     The  form  of 
the  curve  is  correct. 
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fell  rapidly  at  first,  then  slowly,  then  rapidly  again.  The  current 
was  then  again  turned  on  and  the  piece  carried  to  a  temperature 
some  8°  higher  than  before.  At  this  temperature  the  second  rise 
was  well  begun.  The  current  was  then  turned  off  and  the  piece 
cooled  rapidly  for  about  28°,  then  rose  in  temperature  1°  and  finally 
declined  again  at  nearly  the  same  rate  as  in  the  beginning.  (Fig.  6.) 
The  amount  of  heat  absorbed  and  liberated  in  the  change  of  state 
was  deduced  from  the  heating  and  cooling  curves  by  multiplying 
the  mean  of  the  rate  before  and  after  the  change  by  the  duration  of 
the  change  and  by  the  specific  heat  at  that  temperature  as  found 
from  the  other  experiments.  In  the  heating  curves,  it  was  hard  to 
decide  what  tangent  to  use  for  the  calculation  ;  hence,  the  values 
differ  widely.  In  many  cases,  a  tangent  was  taken  parallel  to  the 
one  previous  to  the  change.  The  following  is  a  comparative  table 
of  the  results : 


Table  V. 

No.  of 

Latent  Heat 
by  Calor- 
imeter, 
gm.  cats. 

Prom  Heatii 
ing  C 

Heat 
Absorbed. 

ag  and  Cool- 
urves. 

Temperature!  of— 

^f^^^l"^ 

Piece. 

Heat 
Liberated. 

Abftorptlon. 

Liberation. 

caUKvuce. 

4 

8.6 

2.8 

729 

669 

0 

5 

11.4 

3.6 

3.6 

720 

663 

6 

9.7 

8.2 

6.5 

728 

691 

7 

9.7 

7.8                8.5 

727 

661 

8 

16.0 

10.9              18.0 

733 

705 

ature 

9 

15.4 

10.3              16.0 

735 

713 

-^.^ 

8  after 

hardening. 

I8.2: 

729,  733 

708,  698 

9 

Comparing  the  curves  for  heating  and  the  curves  for  mean  specific 
heat  (Fig.  3),  it  is  seen  that  the  absorption  begins  in  the  former 
very  nearly  at  the  temperature  at  which  the  latter  begin  to  curve 
upward.  It  is  seen,  also,  that  the  second  bend  in  the  specific  heat 
curve  is  at  the  temperature  where  the  tangent  to  the  heating  curve 
is  parallel  to  the  tangent  below  the  absorption  point.  These  facts, 
in  connection  with  those  of  Fig.  6,  indicate  that  the  change  of  state 
does  not  all  take  place  at  one  definite  temperature,  even  if  this 
temperature  is  maintained  for  some  time.  In  other  words,  the  sub- 
stance seems  to  exist  in  approximate  equilibrium  in  two  states,  the 
proportion  of  each  state  being  a  function  of  the  temperature.     Above 
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the  point  of  absorption,  the  heating  curve  gets  steeper  and  steeper, 
showing  that  the  specific  heat  in  the  upper  state  is  lower  than  that 
in  the  lower  state.  This  was  indicated  by  the  calorimetric  work, 
but  this  work  was  not  carried  to  temperatures  sufficiently  high  to 
give  figures  for  the  specific  heat  in  the  upper  state. 

The  lack  of  agreement  in  the  values  of  the  latent  heat,  as  given 
by  the  two  methods,  is  due  to  the  inaccuracy  of  the  method  of 
cooling.  In  this  method  the  specimen  is  surrounded  by  a  mass  of 
matter  having  a  heat  capacity  considerable  in  comparison  with  that 
of  the  specimen.  If  this  matter  could  be  done  away  with  and  the 
heating  and  cooling  performed  with  no  covering,  the  results  would, 
no  doubt,  agree  better.  To  do  this,  the  piece  should  be  wound 
only  with  mica  and  platinum  foil  and  suspended  by  platinum  wires 
in  a  receiver  exhausted  of  air.  The  agreement  between  the  two 
methods  is  best  where  the  latent  heat  is  great. 

The  effect  of  recalescence  in  tempering  was  not  investigated,  but 
it  is  interesting  to  compare  samples  6  and  7.  The  two  have  nearly 
the  same  percentage  of  carbon  and  the  same  latent  heat,  but  No.  6 
recalesces  only  4  degrees,  while  No.  7  goes  up  10  degrees. 
Neither  of  these  are  tool  steels,  but  No.  7  can  be  hardened  more 
than  No.  6. 

To  show  the  relation  between  the  temperature  of  a  piece  of  steel 
and  the  temperature  of  its  surroundings,  when  the  difference  is 
small,  a  piece  of  No.  7  was  turned  into  a  ball  having  a  diameter  of 
nearly  2  cm.  A  hole  about  i  mm.  in  diameter  was  drilled  through 
the  center  of  this,  and  the  wires  of  the  thermo-element  passed 
through  this  hole.  Care  was  taken  to  place  the  junction  of  the 
wires  at  the  center  of  the  ball.  The  ball  was  then  suspended  at  the 
center  of  the  furnace.  The  standard  element  above  mentioned,  was 
placed  close  to  the  side  of  the  furnace.  The  furnace  was  then 
heated  and  the  temperatures  of  each  element  noted  at  regular  iuter- 
vals.  In  general,  the  two  temperatures  rose  or  fell  at  the  same 
rate,  but  at  the  temperature  where  absorption  occurs,  the  steel 
heated  less  rapidly,  and  on  cooling,  the  phenomenon  of  recalescence 
occurred  in  the  steel  while  the  temperature  of  the  furnace  declined 
uniformly.  The  two  elements  were  then  connected  in  opposition, 
and  in  series  with  the  galvanometer.    The  readings  of  the  galvanom- 
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eter  were  then  proportional  to  differences  of  temperature  between 
the  ball  and  furnace.  The  galvanometer  deflection  was  noted  every 
minute  while  the  furnace  heated  and  cooled  as  before.  The  read- 
ings are  shown  in  Fig.  7,  where  the  ordinates  represent  galvanom- 
eter deflections  and  the  abscissse  represent  time.  The  curve  needs 
no  further  explanation. 
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Fig.  7.  Abscissse  represent  time  in  minutes.  Ordinates  represent  deflection  of  gml- 
▼anometer  in  cm.  and  also  approximately  difference  in  temperature  in  Centigrade  degree. 
Positive  ordinates  represent  famace  hotter  than  iron. 

Finally  to  show  the  manner  in  which  the  furnace  heated  and 
cooled,  one  of  the  elements  was  placed  in  the  center  of  the  furnace 
and  connected  to  the  galvanometer  as  described  on  page  145.  Read- 
ings were  made  every  minute,  and  the  results  plotted  as  shown  in 
Fig.  8. 

In  conclusion,  I  wish  to  thank  all  who  by  friendly  word  or  gen- 
erous deed  have  assisted  me  during  the  progress  of  the  work. 
Special  thanks  are  due  to  the  trustees  and  faculty  of  Clark  Univer- 
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the  firm  of  Pratt  &  Inman  for  supplying  me  with  samples  of  steel, 
and  to  my  fellow  student,  Mr.  E.  A.  Harrington,  for  analyzing  the 

samples. 

Clark  University, 

Worcester,  Massachusetts, 
May,  1906. 
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EXPERIMENTS   ON    RESONANCE   IN   WIRELESS 
TELEGRAPH    CIRCUITS.     PART  V.^ 

XIII.   The   Electrical  Oscillations   in   Connected   Systems 

OF  Circuits. 

By  George  W.   Pierce. 

AS  a  contribution  toward  the  study  of  the  nature  of  the  oscilla- 
tion at  the  sending  station  used  in  wireless  telegraphy,  the 
following  account  is  given  of  a  series  of  experiments  on  the  wave- 
lengths obtained  when  two  condenser  circuits  inductively  or  directly 
connected  together  are  set  into  oscillation. 

The  problem  here  undertaken  is  the  measurement  of  the  wave- 
length of  each  of  two  condenser  circuits  with  each  circuit  standing 
alone,  and  then  a  measurement  of  the  resultant  wave-lengths  when 
the  two  circuits  are  coupled  together  after  the  manner  of  the  electro- 
magnetically  coupled  and  the  direct  coupled  sending  stations  of 
wireless  telegraphy.  This  problem  has  already  had  ample  theoret- 
ical study,  but  I  am  not  aware  of  its  having  been  given  extended 
experimental  examination.  So  the  present  experiments  were  under- 
taken, in  part,  as  a  test  of  the  applicability  of  the  theory,  and,  in 
part,  for  the  benefit  to  be  derived  from  an  experimental  study  ot 
specific  cases. 

The  dimensions  of  the  condensers  and  inductances  were  chosen 
to  have  such  values  as  would  bring  the  wave-lengths  within  the 
range  ordinarily  used  in  wireless  telegraphy  (200  meters  to  2,000 
meters). 

Forms  of  Circuit  Studied,  —  The  two  types  of  circuits  in  which 
the  oscillations  were  studied  are  shown  in  Fig.  49  and  Fig.  50.  In 
the  Electromagnetically  Connected  System  shown  in  Fig.  49  two 
condensers  C^  and  C^  are  connected  to  two  coils  L^  and  L^  which 

1  The  previous  parts  were  published  in  the  Physical  Review,  as  follows :  Part  I., 
Vol.  19,  p.  196,  1904;  part  IL,  Vol.  20,  p.  220,  1905  ;  part  III.,  Vol.  21,  p.  367, 
1905  ;   part  IV.,  Vol.  22,  p.  159,  1906. 
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are  inductively  related  but  insulated  from  each  other.  The  number 
of  active  turns  of  wire  on  each  of  the  coils  may  be  varied.  Each 
of  the  condenser  circuits  is  provided  with  a  spark-gap,  so  that  either 
circuit,  when  connected  to  a  step-up  transformer,  may  be  used  as 
the  discharge  circuit.  The  other  circuit  may  then  be  looked  upon 
as  a  secondary  circuit.  When  the  spark-gap  of  the  secondary  is 
opened  too  wide  to  permit  the  passage  of  a  spark,  or  better  when 
the  secondary  is  removed,  the  period  of  oscillation  is  the  period 
of  the  primary  alone.  When,  on  the  other  hand,  the  secondary 
is  left  in  place  and  the  spark-gap  of  the  secondary  is  closed,  the 


oscillations  of  the  discharge  circuit  are  modified  by  the  presence  of 
the  closed  secondary.  It  is  the  purpose  of  the  experiment  to 
measure  the  wave-lengths  produced  under  these  several  conditions 
and  to  compare  the  measured  values  with  values  computed  from 
theoretical  considerations. 

In  the  Direct  Coupled  System,  represented  in  Fig.  50,  which  was 
also  studied,  the  transformer  of  the  inductive  coupling  is  replaced 
by  an  auto-transformer ;  that  is  the  two  condensers  Cj  and  C^are  made 
to  discharge  through  parts  of  the  same  coil.  In  this  case  also,  both 
the  inductances  Z,  and  L^  can  be  varied  independently  by  the  motion 
of  the  contacts  ^Fand  S,  Also  both  the  condenser  circuits  are 
provided  with  spark-gaps  so  that  either  circuit  may  be  caused  to 
oscillate  alone  or  to  constitute  the  discharge  circuit  in  a  connected 
system  with  closed  secondary. 

These  two  forms  of  circuits.  Figs.  49  and  50,  are  derived  from 
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the  ordinary  wireless  telegraph  circuits  by  replacing  the  antenna  and 
ground  of  the  wireless  telegraph  station  by  the  two  coatings  of  a 
condenser  respectively.  The  circuits  were  thus  simplified  for  the 
purpose  of  the  present  experiments  because  in  the  simplified  form 
the  theoretical  formulas  ought  to  apply  exactly.  In  a  subsequent 
investigation  it  is  proposed  to  study  also  the  less  simple  cases. 

Dimensions  of  the  Inductances, — The  coils  employed  in  the  appa- 
ratus shown  in  Figs.  49  and  50  had  the  following  dimensions. 


Coil.                 1        No.  Turns. 

Diam.  Wire. 

Coil  DUm. 

Pitch. 

Outer  of  Fig.  49                24 
Inner  of  Fig.  49                51.5 
Coil  of  Fig.  50       i            51.5 

.208  cm. 

.208 

.208 

18  cm. 

13 

13 

.81  cm. 

.42 

.42 

The  inductances  of  various  numbers  of  turns  of  these  several 
coils  was  measured  on  a  Rayleigh*s  bridge,  and  these  values  are 
recorded  in  the  tables  containing  the  wave-length  measurements 
given  below. 

Measurement  of  Wave-Length,^ — The  measurement  of  wave- 
length was  made  by  a  resonance  method,  in  which  an  auxiliary 
circuit  consisting  of  a  variable  condenser  in  series  with  an  induc- 
tance was  attuned  to  resonance  with  the  oscillations  to  be  determined. 
The  adjustable  auxiliary  circuit  is  called  the  wave-meter  circuit, 

A  wave  measuring  apparatus  based  on  this  principle  was  de- 
scribed by  Drude  in  1902  in  a  paper  entitled  **  Resonanz-methode 
zur  Bestimmung  der  oscillatorischen  Condensatorentladung."  *  In 
Drude's  apparatus  the  wave-meter  circuit  consisted  of  a  condenser 
connected  in  series  with  a  rectangular  loop  of  wire,  whose  induc- 
tance could  be  varied  by  a  bridge  across  the  loop.  The  position  of 
the  bridge  when  the  wave-meter  circuit  was  in  resonance  with  the 
oscillation  to  be  determined  gave  the  wave-length  in  the  oscillation 
circuit,  which  could  be  read  off  on  a  scale  attached  to  the  wave- 
meter  circuit.  Drude-  ascertained  when  the  wave-meter  circuit  was 
in  resonance  with  the  oscillation  circuit  by  observing  the  glow  in  a 
Geissler  tube  attached  to  one  plate  of  the  condenser.  The  glow  is 
a  maximum  at  resonance. 

Several  commercial  wave-meters  based  on  the  principle  of  reso- 

1  P.  Drude,  Ann.  d.  Phys.,  9,  p.  6n,  1902. 
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nance  have  been  constructed,  prominent  among  which  are  the  wave- 
meter  of  Doenitz  and  the  wave -meter  of  Fleming. 

In  both  of  these  wave-meters,  as  in  the  apparatus  of  Drude,  the 
essential  parts  are  a  condenser  and  inductance  in  series,  one  or  both 
of  which  may  be  varied  in  a  practically  continuous  manner,  some 
means  of  ascertaining  when  the  wave-meter  circuit  is  in  resonance 
with  the  oscillations  to  be  determined  and  a  scale  from  which  the 
wave-length  corresponding  to  the  resonant  adjustment  may  be  read. 

In  the  Doenitz  wave-meter^  the  adjustment  of  the  wave-meter 
circuit  is  made  chiefly  by  the  variation  of  the  capacity  of  the  con- 
denser, and  the  resonant  condition  is  ascertained  by  observing  the 
deflection  of  a  Riess  hot-wire  air  thermometer. 

In  Fleming's  apparatus,^  both  the  capacity  and  the  inductance 
are  varied  in  a  practically  continuous  manner,  and  the  resonant  con- 
dition is  determined  by  observing  the  glow  in  a  Geissler  tube. 

On  account  of  the  feebleness  of  some  of  the  maxima  to  be  in- 
vestigated in  the  present  experiments  it  seemed  doubtful  if  either 
of  these  wave-measuring  instruments  is  sufficiently  sensitive  for  the 
measurements  required,  so  that  an  apparatus  was  constructed  for 
the  purpose. 

The  Wave-Meter,  —  One  form  given  to  the  wave-metric  appa- 
ratus is  shown  in  Fig.  51.     Cis  a  variable  air  condenser  of  two 


Fig.  51. 

sets  of  semi-circular  plates,  one  of  which  may  be  rotated  to  vary 
the  capacity.  The  position  or  the  movable  plates  is  given  by  the 
reading  of  a  pointer  P  passing  over  a  semi-circular  scale.     This 

^  Doenitz,  E.  T.  Z.,  24,  pp.  920-925,  1903. 

«J.  A.  Fleming,  Phil.  Mag.,  9,  p.  758, 1905.     See  also  Principles  of  Electric  Wave 
Telegraphy,  London,  1906. 
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scale  is  divided  in  circular  degrees,  and  is  also  calibrated  in  wave- 
lengths by  the  method  described  below.  In  series  with  the  vari- 
able condenser  is  a  loop  of  inductance  L  (8  turns  13.5  cm.  in  diam- 
eter) and  the  high-frequency  dynamometer  with  variable  sensitive- 
ness D  described  in  Parts  I.  and  II.  The  loop  L,  is  the  **  receiv- 
ing "  loop  to  be  acted  on  inductively  by  the  oscillations  to  be 
measured,  and  the  dynamometer  is  for  the  purpose  of  determining 
when  the  wave-meter  circuit  is  in  resonance  with  the  required 
osdllations. 

The  wave-meter  circuit  is  also  provided  with  a  switch  T,  by 
means  of  which  a  second  inductance  U ,  may  be  thrown  in  or  out  of 
the  circuit.  For  short  waves,  between  200  meters  and  650  meters, 
L!  maybe  thrown  out,  while  for  waves  between  550  meters  and 
1,800  meters,  U  may  be  thrown  in.  This  gives  an  easy  method 
of  extending  the  range  of  the  instrument,  which  must,  of  course, 
bear  a  double  calibration  giving  two  wave-length  scales,  one  to  be 
used  with  L  in,  the  other  with  U  out.* 

The  manner  of  using  the  apparatus  is  as  follows  :  If,  for  example, 
it  was  desired  to  determine  the  wave-length  of  the  oscillation  in  the 
circuit  5,  Fig.  51,  the  loop  L  was  placed  in  such  a  position  that 
the  currents  in  5  acted  inductively  on  the  loop  Z,  and  gave  a  deflec- 
tion  of  the  dynamometer.  By  observing  the  deflection  of  the 
dynamometer  for  different  adjustments  of  the  variable  capacity  C, 
the  value  of  the  capacity  that  put  the  wave-meter  circuit  in  reso- 
nance with  the  required  oscillations  could  be  determined,  and  from 
the  calibration  on  the  scale  of  the  capacity,  the  wave-length  of  the 
required  oscillation  could  be  read  off  directly  in  meters. 

The  apparatus  in  this  form  may  be  extremely  sensitive,  or  its 
sensitiveness  may  be  decreased  to  any  degree  by  one  of  two  methods  : 
first,. by  decreasing  the  sensitiveness  of  the  dynamometer  by  drawing 
the  coil  of  the  dynamometer  away  from  the  suspended  disc,  or 
second,  by  rotating  the  receiving  loop  L  about  a  horizontal  axis  so 
that  the  inductive  action  upon  it  is  diminished. 

Only  one  precaution  is  necessary  in  the  use  of  such  a  resonance 
method  of  determining  wave-lengths,  namely,  care  must  be  taken 

^  DDenitz's  wave  meter  has  a  triple  range,  attained  by  replacing  the  loop  L  by  loops 
of  higher  or  lower  inductance. 
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that  the  inductive  coupling  between  the  wave-meter  circuit  and  the 
discharge  circuit  be  so  "  loose  "  that  the  reaction  of  the  wave-meter 
circuit  on  the  oscillation  circuit  is  negligible  On  account  of  tfie 
high  sensitiveness  of  the  present  apparatus,  there  was  never  any 
teaiptation  to  bring  the  wave-meter  circuit  too  near  to  the  oscillation 
circuit. 

In  some  of  the  experiments  described  below  the  dynamometer  of 
the  apparatus  above  described  was  replaced  by  other  instruments 
for  detecting  the  resonant  condition,  but  the  description  of  the  other 
instruments  is  for  the  present  deferred. 

Experiment  XIX. :  Calibration  of  the  Wave-Meter.  —  The  wave- 
meter  was  calibrated  by  an  experimental  method  as  follows  :  A 
glass-plate  condenser  in  series  with  a  variable  inductance  and  spark- 
gap  was  set  up  in  such  a  position  that  the  spark  across  the  spark- 
gap  could  be  photographed  with  the  aid  of  a  revolving  mirror  after 
the  manner  of  Feddersen's  original  experiment.  The  speed  of  revo- 
lution of  the  mirror  was  kept  constant  by  the  aid  of  a  stroboscope  \. 
operated  by  a  tuning  fork  of  known  period.  From  the  speed  of 
revolution  of  the  mirror  and  the  distance  apart  of  the  impressions 
on  the  photogr^iphic  plate  the  time  of  one  oscillation  was  deter- 
mined. This  time  multiplied  by  the  velocity  of  light  gave  the  wave- 
length of  the  oscillation.  The  wave-meter  circuit  was  then  brought 
up  to  jWithin  20  or  30  cm.  of  the  oscillation  circuit,  adjusted  to  reso- 
nance with  it,  and  the  resonant  point  of  the  scale  of  the  wave-meter 
was  marked  with  the  wave-length  determined  by  the  photograph.  In 
this  way  a  large  number  of  points  on  the  wave-meter  scale  were  deter- 
mined, and  from  these  points,  with  the  aid  of  a  curve,  the  \vave- 
length  corresponding  to  any  value  of  the  wave-meter  scale  could  be 
obtained.  It  was  found  convenient  to  write  these  wave-lengths  upon 
the  scale  of  the  wave-meter  and  to  make  subsequent  readings  directly 
in  wave-lengths. 

To  show  the  probable  accuracy  of  this  method  of  calibrating 
the  wave-meter  some  of  the  data  from  the  measurements  of  the 
photographs  are  given  in  Table  XVI. 

In  these  experiments  the  speed  of  the  mirror  was  41.3  revolu- 

'G.  W.  Pierce,  On  the  Cooper- Hewitt  Mercury  Interrupter,  Proc.  Am.  Acad., 
XXXIX.,  No.  18,  Feb.,  1904. 
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Table  XVI. 

Photographic  Determination  of  Wave- Length,     Capacity  Four  Boxes  of  Flat  Plates, 


No.  Tuma  Inductance. 

.5- 

«.5 

4.5 

6.5 

8.5 

X0.5 

X3.5 

Inductance  in  xo-* 
Henrys. 

.50 

,   z.xa 

a.M 

3^3 

5.05 

6.66 

9.38 

.10% 

.164 

.227 

.301 

.340 

.404 

.483 

.1080 

.165 

.224 

.290 

.352 

.402 

.481 

.1094 

.164 

.230 

.290 

.343 

.403 

.488 

Distance  in  cm.  be- 

.1103 

.160 

.238 

.292 

.343 

.404 

.484 

tween    oscillatigns 

.1094 

.230 

.292 

.342 

.475 

on  plate. 

.1091 
.1108 
.1097 

.229 
.230 

.350 
.353 
.342 

.1095 

.163 

.230 

.346 

■ 

Average. 

.293 

.344 

.403 

.482 

Wave-Length  Meters. 

416 

630 

875 

1115 

1320 
1.0 

1530 

1835 

Mean  Error  per  cent. 

.5 

1.0 

1.0 

1.0 

.2 

.7 

.tions  per  second.  The  distance  fronr  the  mirror  to  the  sensitive 
plate  was  153  cm.,  so  that  the  image  of  the  spark  travelled  across 
the  photographic  plate  with  a  speed  of  41.3  x  4'7r  x  153  cm./sec.  = 
.792  X  10*  mm./sec.  Multiplying  the  reciprocal  of  this  quantity  by 
the  velocity  of  light  in  meters/sec,  we  have 

I  mm.  between  oscillations  =380  meters  wave-length. 

In  determining  the  distance  between  oscillations  on  the  photo- 
graphic plate  the  length  of  a  whole  series  of  oscillations  was 
measured  and  divided  by  the  number  of  oscillations.  The  table 
shows  that  this  part  of  the  work  was  done  with  a  mean  error  of 
about  I  per  cent. 

Besides  the  values  given  in  the  table,  the  wave-lengths  463 
meters  and  350  meters  were  also  determined  photographically. 

Experiment  XX.:  Extending  the  Calibration  to  Shorter  Wave- 
Lengths, —  With  the  particular  apparatus  at  my  disposal  it  was 
difficult  to  photograph  oscillations  giving  rise  to  wave-lengths 
shorter  than  350  meters,  so  that  wave-lengths  below  this  value 
were  obtained  by  partitioning  the  condenser.  This  was  done  as 
follows  :  By  the  aid  of  the  photographs  the  wave  meter  has  already 
been  calibrated  from  350  meters  to  1,835  meters.  Using  such 
values  of  the  inductance  in  the  discharge  circuit  as  will  bring  the 
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wave-length  always  within  this  range  the  following  table  (Table 
XVII.)  was  obtained  by  discharging  each  of  four  condensers  and 
then  the  four  together  through  various  inductances. 

Table  XVII. 

IVavg' Lengths  with  Different  Condensers  Separate  and  Together *in  Discharge  Circuits 


Turns  of  Inductance. 

Wave-Length  in  Meters  Given  with  Condeneer^ 

z. 

a. 

3. 

4- 

All  Together. 

4.5 

6.5 

8.5 

10.5 

12.5 

13.5 

430 
555 
675 
790 
895 
950 

415 
533 
640 
750 
850 
895 

450 
575 
700 
815 
905 
970 

440 
570 
685 
800 
870 
935 

875 
1115 
1320 
1530 
1780 
1835 

If  now  we  divide  the  wave-lepgths  in  columns  marked  Condenser 
I,  2,  3,  4  respectively  by  the  wave-length  in  the  last  column  of 
Table  XVII.,  we  obtain  the  ratio  of  the  wave-lengths  with  the 
separate  condensers  in  the  discharge  circuit  to  the  wave-length 
with  the  four  condensers  together  in  parallel  in  the  discharge 
circuit.     These  relative  values  are  compiled  in  Table  XVIII. 

Table  XVIII. 

Wave^Lengths  with  Separate  Condensers  Relative  to  Wave-  length  with  Aggregate. 


Turns  Inductance. 

Condenser. 

1.     A,/A 

a.    A,/A 

3.    A,/A 

4.    A4/A 

4.5 

.492 

.474 

.514 

.502 

6.5 

.492 

.477 

.515 

.511 

8.5 

.      .502 

.477 

.521 

.510 

10.5 

.517 

.490 

.532 

.522 

12.5 

.501 

.477 

.508 

.490 

13.5 

.517 

.488 

.528 

.508 

Mean 

.507 

.480 

.520 

.507 

Mean  error 

2  per  cent. 

1  per  cent. 

1.4  per  cent. 

1.4  per  cent. 

The  ratio  in  each  column  of  Table  XVIII.  is  approximately 
constant  whatever  the  inductance  in  the  discharge  circuit.  On 
the  assumption  that  these  ratios  are  also  constant  when  still 
smaller  inductances  are  used,  as  they  should  be  from  Thomson's 
formula,  we  can  extend  the  calibration  to  the  necessary  shorter 
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waves.  For  example,  the  foQr  condensers  discharging  together 
through  2. 5  turns  of  inductance  gave  wave-lengths  630  meters ; 
condenser  i  discharging  through  the  same  inductance  should  give 
.507  X  630  =  320  meters.  Condensers  2,  3  and  4  respectively  give 
wave-lengths  303,  327  and  320  meters,  each  of  which  was  used  to 
determine  a  point  on  the  wave-meter  scale.  In  a  similar  manner 
the  wave-lengths  200,  211,  217,  245,  259,  266,  etc.,  were  found 
and  used  in  the  calibration  of  the  scale  of  the  wave-meter. 

Experiment  XXL :  Resonance  Curves  Taken  in  Calibration  of 
Wave-Meter,  —  In  the  preceding  paragraphs,  it  was  shown  how 
certain  standard  discharge  circuits  were  made  up,  and  their  wave- 
lengths determined  by  revolving  mirror  photographs  of  the  spark. 
These  standard  circuits  were  used  in  the  calibration  of  the  circuit 
of  the  wave-meter.     The  curves  of  Fig.  52  show  how  the  standard 
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Fig.  52. 


wave-lengths  were  transferred  to  the  wave-meter  scale.  Here  it 
should  be  recalled  that  there  are  two  scales  on  the  wave-meter, 
one  for  use  when  the  inductance  U  of  Fig.  5 1  was  thrown  into 
the  wave-meter  circuit  thus  lengthening  the  period  of  the  wave- 
meter,  the  other  when  the  inductance  L  was  thrown  out.  The 
curves  of  Fig.  52  were  taken  with  the  lengthening  coil  in.  For 
example,  with  the  discharge  circuit  arranged  to  give  out  wave- 
length 625  meters,  the  first  curve  at  the  left  was  constructed  by 
plotting  the  deflections  of  the  dynamometer  against  the  readings  of 
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the  circular  degree  scale  attached  to  the  variable  condenser  of  the 
wave-meter.  It  is  seen  that  resonance  is  obtained  when  the  con- 
denser is  set  at  17  degrees  of  the  circular  scale.  Since  the  wave- 
meter  circuit  was  at  a  distance  sufficiently  great  from  the  discharge 
drcuit  so  that  the  reaction  of  the  wave-meter  on  the  discharge  had 
no  appreciable  effect  in  modifying  its  period,  the  period  of  the 
wave-meter  when  set  at  1 7  degrees  is  the  period  corresponding  to 
the  wave-length  625  meters.  In  a  similar  manner  from  the  other 
curves  of  the  series  the  number  of  circular  degrees  corresponding  to 
the  other  known  wave-lengths  was  obtained.  It  is  interesting  to 
note  that  while  the  resonance  curves  widen  as  the  wave-length  is 
increased  the  interval  on  the  scale  comprehended  within  a  given 
number  of  meters  also  widens,  so  that  the  percentage  accuracy  of 
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Fig.  53. 

the  settings  of  the  wave-meter  is  about  the  same  throughout  the 
scale.  An  idea  of  the  accuracy  of  the  settings  will  Tbe  had  from 
an  examination  of  the  results  obtained  in  the  applications  that  come 
later  in  the  paper. 

If  we  plot  the  wave-length  at  the  vertices  of  Fig.  52  against  the 
reasonant  value  in  circular  degrees  on  the  scale  of  the  condenser  of 
the  wave-meter,  the  curve  marked  L  in  Fig.  53  is  obtained.     In  like 
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manner  when  the  switch  on  the  wave-meter  is  thrown  so  as  to  cut  out 
the  length^ing  coil  Z',  and  the  discharge  circuit  is  made  to  produce 
the  known  shorter  waves,  the  curve  marked  5  in  Fig.  53  is  ob- 
tained. From  these  curves  respectively  two  scales  were  constructed 
and  attached  to  the  wave-meter  condenser  so  that  the  readings 
could  be  made  directly  in  wave-lengths. 

Experiment  XXI I, :  Use  of  the  Wave-Meter  in  the  Determination  of 
the  Capacity  of  tht.  Discharge  Condenser,  —  Fleming  has  pointed 
out  the  utility  of  the  waver-meter  in  the  determination  of  the 
capacity  of  a  condenser.  His  method  consists  of  discharging  the 
condenser  across  a  spark-gap  through  a  known  inductance  and 
measuring  the  wave-length  by  the  wave-meter  and  calculating  the 
capacity  from  the  formula 

X-s^V'  2Tty/LC 

This  method  was  utilized  in  the  determination  of  the  capacity  of 
the  several  condensers  used  in  the  present  experiments.  To  show 
the  probable  accuracy  of  the  method,  the  following  table  (Table 
XIX.)  is  given  showing  the  results  obtained  for  Leyden  jar  No.  45 
used  in  the  later  experiments.  The  values  of  the  inductances  were 
measured  on  a  Rayleigh's  bridge. 

Table  XIX. 

Determination  of  Capacity  by  the  Wave- Meter,     Leyden  Jar  No.  ^5. 


Inductance  in  Discharge 
Circuit  in  Henrsrs. 

Wave-Length  in  Meters. 

Capacitv  in  Farads  Computed 
by  Thomson's  Formula. 

3.10X10-» 

690 

.00432X10-* 

4.90 

865 

.00432 

6.61 

1005 

.00430 

8.35 

1130 

.00432 

10.0 

1235 

.00430 

12.0 

1345 

.00427 

14.05 

1450 

.00418 

16.1 

1560 

.00423 

Mean  .00428X10-*  ±  1  per  cent 


The  mean  error  in  the  measurement  of  the  capacity  recorded  in 
Table  XIX.  is  about  i  per  cent.  This  is  perhaps  better  than  we 
ought  to  expect  of  the  method  because  in  the  calculation  of  the 
capacity  the  error  in  the  measurement  of  the  wave-length  has  been 
doubled. 
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Turning  our  attention  now  to  the  main  problems  of  the  investi- 
gation let  us  study  the  oscillations  in,  first,  The  Electromagnetically 
Connected  System  of  Circuits  and,  second.  The  Direct  Connected 
System  of  Circuits. 

XIV.    Wave-Metrical    Study    of    the   Oscillations   in   the 
Electromagnetically  Connected  System  of  Circuits. 

This  form  of  oscillation  system  is  represented  in  Fig.  49.  The 
theory  *  of  this  system  has  been  the  subject  of  numerous  mathe- 
matical researches,  so  that  only  so  much  of  the  theory  will  be 
given  here  as  is  necessary  in  order  to  enable  us  to  examine  the 
results  of  the  experiments  in  the  light  of  the  theory. 

Brief  Sketch  of  the  Theory  of  the  Electromagnet'ually  Connected 
System.  —  Let  the  secondary  circuit 
Cj^2»  ^'S-  54  ^  closed,  while  the 
primary  circuit  C^L^  is  charged  and 
allowed  to  discharge  across  a  spark- 
gap. 

Let  q^  be  the  quantity  of  positive 
electricity  on  the  outer  plate  of  the 
condenser  Cy^   at  any   time  /  during 

the  discharge ;  let  x  be  the  current  in  the  primary  circuit  at  that 
time ;  let  q^  be  the  quantity  of  positive  electricity  on  the  outer  coat- 
ing of  Cj,  y  the  current  in  the  secondary  circuit :  then  taking  the 
electromotive  force  around  each  of  the  circuits  we  have 

(I)  A37+v+*-i-f;. 

(.)  a|+^^+^S-|;. 

in  which  L^  and  R^  are  the  self-inductance  and  resistance  of  the 

»  Lord  Rayleigh,  Theory  of  Sound ;  J.  v.  Geitler,  Sitz.  d.  k.  Akad.  d.  Wiss.  z. 
Wien,  February  and  October,  1905  ;  B.  Galitzine,  Petersb.  Ber.,  May  and  June,  1895  ; 
v.  Bjerknes,  W.  A.,  55,  p.  120,  1895;  Oberbeck,  Wied.  Ann.,  55,  p.  623,  1895 ; 
Domalip  and  Kolicek,  W.  A.,  57,  p.  731,  1896;  M.  Wien,  W.  A.,  61,  p.  151,  1897, 
and  D.  A.,  8  p.  686,  1902  ;  Compare  also  Webster,  Theory  of  Electricity  and  Magnet- 
ism, p.  499,  1897,  and  Fleming,  The  Principles  of  Electric  Wave  Telegraphy,  p.  209, 
1906. 
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primary,  Z,  and  /?,  the  self-inductance  and  resistance  of  the  sec- 
ondary, and  iJ/the  mutual  inductance  between  the  two  circuits. 
Also 

(3)  ^=-^:-^=7/- 

Differentiating  equations  (i)  and  (2)  and  substituting  from  equa- 
tion (3),  we  have 

(4)  A-^^  +  ^.^,+^^  +  ^.-°' 

d^y  dv  d^x       y 

(5)  Z,^  +  i?,-^-  +  ^-^^+f^»o. 

If  we  eliminate  y  from  these  two  equations  we  have 

{L,L,  -M*)^  +  (/?.z:,  +  /?/.)  J +(/?./?,  +  ^'  +  ^'Y^^ 

(6) 

,dx  I 

If  we  eliminate  x  we  get  the  same  equation  with  x  replaced  by  y. 

The  equation  (6)  solved  for  period  of  oscillation,  on  the  assump- 
tion that  the  resistance  terms  have  no  effect  on  the  period,  give  the 
result  that  the  current  in  the  primary  oscillates  with  double  period- 
icity, the  current  in  the  secondary  also  oscillates  with  double 
periodicity,  and  the  two  periods  of  the  primary  are  the  same  as  the 
two  periods  of  the  secondary. 

The  two  periods  obtained  by  the  solution  of  equation  (6)  are 


^(t^t)"-^^-=°- 


(7)         t:  -  J^''  +  ^^*  +  ^^^''  -  ^''^'  +  4r'7;'r,' 


(8)        r/ 

in  which 


_    1 7;'  +  7;^  -  ^{Tf-  T^f  +  A^IVT} 


T^  =  period  of  the  primary  when  standing  alone, 

T^  =  period  of  the  secondary  when  standing  alone,  and 

(9)    ^* = xr- 

r  is  called  the  "  coefficient  of  coupling." 
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If  equations  (7)  and  (8)  are  each  multiplied  by  the  velocity  of 
light,  we  have,  remembering  that  vT^s^  wave  length, 

(,o)  i;  -  J^-'  +  ^»'  +'^W^^)'  +  A^'W, 

(XX)  V  -\^'  "^  ^^  ~  -^W^W^^^'^ 

In  these  equations 

\  =  the  natural  wave-length  of  the  primary  alone, 
X^  =  the  natural  wave  length  of  the  secondary  alone, 
r  =  the  coefficient  of  coupling,  and 
kl  and  X^  are  the  resultant  wave  lengths  in  both  primary  and  sec- 
ondary when  the  circuits  are  coupled  together. 

Measurement  of  Wave-Lengths  Produced  by  the  Electro-magnetically 
Connected  System,  — With  the  aid  of  the  apparatus  described  above 
the  oscillations  in  the  electromagnetically  connected  system,  Fig.  49, 
were  studied,  by  measuring  the  wave-length  of  the  primary  circuit 
and  qf  the  secondary  circuit  when  each  stands  alone  and  then  the 
wave-length  in  each  circuit  when  they  are  coupled  together.  The 
results  obtained  are  compared  with  computations  by  the  aid  of  the 
equations  (10)  and  (u).  For  the  computations  we  need  also  to 
know  the  self  inductance  of  each  circuit  and  their  mutual  inductance. 
These  quantities  were  measured  on  a  Rayleigh's  bridge. 

Experiment  XXIII. :  E.M.C.  System,  1^=24.  Turns  of  Outer 
Coil,  ^j  =  ifOSo  Meters,  —  The  results  obtained  in  this  experiment 
are  plotted  in  the  curves  of  Fig.  55.  The  method  of  taking  the  ob- 
servations is  as  follows :  First  the  condenser  C,(=  .00482  m.f.)  was 
connected  about  24  turns  of  the  outer  coil  (Fig.  49)  and  was  pro- 
vided with  a  spark-gap.  In  this  position,  with  the  inner  coil  thrown 
out  of  circuit  by  disconnecting  both  plates  of  its  condenser,  the  wave- 
length ^2  was  found  to  be  1,060  meters.  Next,  with  the  secondary 
condenser  disconnected,  the  wave-length  of  the  primary  (inner)  cir- 
cuit was  determined  with  its  condenser  Cj(=  .00432  m.f.)  con- 
nected about  50  turns  of  the  inner  coil.  This  wave-length  X^  was 
1,560  meters.  Next,  with  the  primary  left  unaltered,  the  secondary 
was  closed  by  attaching  its  condensers  without  spark-gap  to  the 
24  turns  of  the  outer  coil.     This  is  the  case  of  the  closed  secondary. 
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and  when  the  discharge  was  estabhshed  in  the  primary,  the  wave- 
lengths were  found  to  be  ^'  =  710  meters  and  ^/  too  great  for  the 
waVe-meter  scale.  The  value  X^'  ^  yio  was  plotted  against  ^  = 
1,560,  Fig  55.  Now  decreasing  the  primary  inductance  to  45  turns, 
the  values  X^  =  1,460,  ^/  =  1,650  and  X^  =  680  were  obtained,  and 
the  last  two  values  were  plotted  against  the  value  of  P.j,  and  so  forth. 
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The  complete  record  of  the  observed  and  calculated  values  is  given 
in  Table  XX.  In  the  curves  of  Fig.  55  the  crosses  are  the  observed 
values  and  the  circles  are  the  corresponding  calculated  values. 
When  the  observed  and  calculated  values  fall  together  the  point  is 
indicated  by  a  combination  of  cross  and  circle.  The  45°  line  between 
the  two  curves  may  be  looked  upon  as  X^  plotted  against  itself,  while 
a  horizontal  line  across  the  figure  at  1,060  meters  (not  shown)  would 
represent  the  graph  of  X^  With  this  in  mind  it  will  be  seen  that  the 
two  derived  wave-lengths  ^/  and  X^'  are  asymptotic  toward  the 
origin  to  X^  and  X^  respectively.  The  observed  and  the  calculated 
values  are  in  satisfactory  agreement,  and  their  departure  one  from 
the  other  may  be  due  as  much  to  the  inaccuracies  of  the  data  for 
the  calculated  values  as  to  the  errors  in  wave-length  measurements. 
The  formulas  for  the  calculation  of  X^'  and  X^  are  the  formulas  (10) 
and  (i  i)  of  page  19,  which  involve  merely  the  independent  periods 
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Table  XX. 

Electromasnetically  Connected  System. 
Primary  capacity  .00432  microfarad. 
Primary  inductance  varied. 
Secondary  capacity  .00482. 

Secondary  inductance  24  turns  outer  coil,  Z,  =  6. 60X10-*  Henry. 
Wave-length  of  secondary  \  =  1060  meters. 


Turns  Primary. 

^1 

Primanr  Inductance. 

Henry. 

M 

Henry. 

T« 

50 

15.85X10-* 

6.S2X10-* 

.412 

45 

13.9 

6.14 

.421 

40 

11.8 

5.80 

.430 

35 

10.0 

5.12 

.397 

30 

8.20 

4.45 

.360 

25 

6.50 

3.56 

.295 

20 

4.82 

2.70 

.228 

IS 

3.15 

1.95 

.183 

10 

1.72 

1.20 

.128 

5 

.69 

.47 

.048 

3 

.32 

I           .23 

.0277 

Turns 

A, 
Meters. 

— 

Calculated. 

Observed. 

Primary. 

Meters. 

A,' 
Meters. 

Meters. 

A.' 
Meters. 

50 

1560 

1740 

727 

710 

45 

1460 

1670 

712 

1650 

685 

40 

1350 

1567 

686 

1570 

665 

35 

1230 

1462 

680 

1480 

660 

30 

1130 

1390 

660 

1370 

660 

25 

1000 

1273 

685 

1280 

660 

20 

870 

1185 

680 

1185 

630 

15 

700 

1127 

595 

1125 

565 

10 

510 

1080 

467 

1090 

460 

5 

300 

1        1060. 

292 

1040 

285 

3 

210 

1062 

193 

1075 

210 

of  the  two  circuits  and  their  coefficient  of  coupling.     The  latter 
quantity  was  obtained  by  the  measurement  on  a  Rayleigh's  bridge 


of  A. 


Zj  and  M  for  each  sietting  of  the  oscillation  circuit. 


The 


values  of  these  inductances  and  of  the  values  of  t  calculated  from 
them  is  also  included  in  Table  XX. 

The  intensity  of  the  various  periods  of  the  circuits  under  the 
different  conditions  of  the  experiment  varies  greatly.  No  attempt 
was  made  to  record  these  intensities,  since  it  was  found  that  their 
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relative  values  depended  on  the  position  of  the  receiving  loop  of  the 
wave-meter  circuit  with  respect  to  its  relative  distance  from  the 
primary  and  secondary  circuits.  It  is  proposed,  however,  to  ex- 
amine these  intensities  in  a  later  investigation  in  which  the  wave- 
meter  circuit  is  to  be  placed  at  a  great  distance  from  the  discharge 
circuit. 

Experiment  XXIV, :  KM,C,  System,  L^  =  75  Turns  of  Outer 
Coils,  l^  =  y/s  Meters,  In  a  similar  manner  an  experiment  was 
performed  with  X^  constantly  equal  to  775  meters,  obtained  by  con- 
necting C,  about  15  turns  of  the  outer  coil.  The  results  are 
plotted  in  Fig.  56,  from  which  a  comparison  of  the  observed  and 
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calculated  values  may  be  had.  Here  also  the  agreement  is  within 
the  limit  of  error  of  the  method.  An  abbreviated  record  of  the 
experiment  is  given  in  Table  XXI. 

Experiment  XXV, :  E,M.  C,  System,  Special  Case  X^  =  ^j.  —  A 
case  of  especial  interest  is  the  case  in  which  the  primary  and 
secondary  have  the  same  independent  periods.  This  is  the  case  of 
so-called  *'  resonance  "  between  the  two  circuits.  It  is  of  interest 
because  in  this  case  the  wave-length  formulas  (10)  and  (i  i)  become 
greatly  simplified,  as  may  be  seen  by  substituting  X^  =  X^  in  these 
equations,  which  under  this  condition  become 
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(12)  (V)'  =  V(i+^) 

(13)  (V)*  =  V(l-4 

In  the  present  experiment  the  two  independent  wave-lengths  >lj  and 
^j  were  made  equal,  and  the  wave-lengths  produced  by  the  com- 
pound system  were  then  measured  and  compared  with  calculations 
from  the  formulas  (12)  and  (13).  To  make  the  two  wave-lengths 
of  the  separate  circuits  the  same,  the  wave-lengths  obtained  with  the 

Table  XXI. 

EUctromagnetually  Connected  System. 
Primary  capacity  .00432  microfarad. 
Primary  inductance  varied. 
Second  capacity  .00482. 

Secondary  inductance  IS  turns  outer  coil,  Z,  =  3.53X10—*  Henry. 
Wave-length  of  secondary  \  =  775  meters. 


Calculated. 

W 

A,' 

1610 

627 

1530 

612 

1440 

590 

1337 

560 

1255 

545 

1152 

522 

1040 

518 

918    491 

830 

410 

780 

281 

774 

206 

Observed. 


A/ 


W 


1650 

1540 

1460 

1345 

1240 

U50 

1050 

900 

800 

760 

775 


600 
580 
560 
550 
525 
510 
490 
465 
410 
300 
210 


'~Uv 


was  obtained  by  measurements  of  Z,,  Z,  and  Af. 


capacity  C^  discharging  through  various  turns  of  the  inner  coil 
were  measured,  with  the  secondary  removed,  and  the  curve  of  wave- 
length against  turns  was  plotted.  In  a  similar  manner  the  curve  of 
wave-length  against  turns  was  obtained  for  the  outer  coil  with  the 
inner  coil  disconnected  from  C,.  From  these  two  wave-length 
curves,  the  number  of  turns  of  the  inner  coil  that  with  its  condenser 
acting  alone  gave  the  same  wave-length  as  a  given  number  of 
turns  of  the  outer  coil  with  its  condenser  acting  alone  could  be 
selected.  The  two  circuits  were  now  allowed  to  oscillate  together. 
That   is,    the   primary   condenser    C^   was   allowed   to   discharge 
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through  Z-j  and  the  spark  gap,  while  the  gap  in  the  secondary 
circuit  was  closed,  so  that  oscillations  were  also  set  up  in  the  secon- 
dary. Two  wave-lengths  ^/  and  ^/  were  obtained.  The  results 
are  recorded  in  Table  XXIT..  and  plotted  in  the  curves  of  Fig.  57. 
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Fig.  57. 


Table  XXII. 

EUctromagnetically  Connected  System,     Special  Case  \  ^^  A,. 


Turns  Inner 

Turns  Outer. 

A.=  A, 
Meters. 

Observed. 

Coil. 

A/          1           A.' 

27 

24 

1060 

1290 

655 

19.2 

19 

900 

1095          555 

18 

16 

810 

1025 

503 

14.9 

13 

690 

860 

450 

11.5 

10 

570 

700 

380 

9.5 

8 

487 

600 

330 

7.3 

6 

395 

480 

280 

4.9 

4 

290 

345     1      224 

3.6 

3 

252 

275 

204 

Calculated. 


A/ 


1335 
1150 
1032 
870 
714 
609 
485 
352 
294 


680 
555 
507 
440 
374 
322 
278 
210 
174 


The  values  of  the  inductances,  used  in  computations,  were 


Li  Henry. 

6.70X10-« 

4.90 

3.87 

2.87 

1.95 

1.40 

.92 

.45 

.21 


Z.,  Henry. 


iV  Henry. 


6.95X10-4 

4.45 

4.10 

3.00 

2.00 

1.55 

1.10 

.64 

.40 


4.02x10-4 

2.90 

2.30 

1.72 

1.14 

.83 

.50 

.257 

.14 


T« 


.348 
.386 
.374 
.343 
.323 
.316 
.253 
.227 
.230 
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In  this  case  also  the  agreement  is  satisfactory  with  the  exception 
of  the  two  largest  values  of  A/.  No  significance  is  attributed  to 
the  departure  of  these  two  observations  from  the  theoretical  values, 
as  no  tendency  to  a  departure  of  this  character  was  noted  in  the 
tnore  general  cases  described  above.  It  may  be  that  errors  were 
made  in  reading  the  wave-meter  for  these  values  or,  as  is  more 
probable,  the  selection  of  the  turns  to  make  \  and  \^  equal  was 
-erroneous. 

The  two  curves  of  Fig.  57  are  approximately  straight  lines, 
which  do  not  pass  through  the  origin.  This  is  due  to  the  partic- 
ular manner  in  which  r  happens  to  vary.  Constant  r  would  make 
the  lines  pass  through  the  origin. 

From  Experiments  XXIII.,  XXIV.,  XXV.,  with  this  system  of 
circuits,  it  is  seen  that  the  theoretical .  formulas  give  accurately 
values  of  the  wave-lengths  in  the  electromagnetically  connected 
system,  and  that  the  values  of  the  coefficient  of  coupling  required 
in  the  equations  are  accurately  enough  given  by  measurements  of 
^f  and  mutual  inductance  with  the  comparatively  slow  frequen- 
cies (500  to  1,200  per  second)  used  with  an  ordinary  induction 
bridge.  The  theoretical  and  experimental  investigations  given  be- 
low show  that  the  same  formulas  apply  also  to  the  Direct  Con- 
tiected  System  of  circuits. 

XV.   Wavemetrical  Study  of  the  Oscillation  in  the  Direct 
Connected  System  of  Circuits. 

This  form  of  oscillation  system  is  represented  in  Fig.  50  and  in 
•diagram  in  Fig.  58.  The  experiments  given  below  show  that  so 
far  as  concerns  the  wave-length  of  oscillations  exactly  the  same 
formulas  apply  as  have  been  found  to  be  applicable  to  the  electro- 
magnetically connected  system.  The  following  sketch  of  the  the- 
ory of  this  system  of  circuits  leads  also  to  this  result. 

Sketch  of  tfie  Theory  of  the  Direct  Coupled  System  of  Circuits,  — 
In  Fig.  58,  let  the  circuit  C,Z.j  be  looked  upon  as  the  discharge 
-circuit,  and  the  circuit  C^L^  be  looked  upon  as  a  secondary 
circuit. 

At  any  time  /,  let  the  charge  on  the  outer  plate  of  the  con- 
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Fig.  58. 


denser  C^  be  q^,  let  the  current  flowing  from  this  plate  at  this  time 
be  /,  and  let  the  current  in  the  coil  L^  be  x.  Let  q^  be  the  charge 
on  the  outer  plate  of  C,,  and  y  the  current  flowing  towards  this 
plate :  then 

(14)  /=^+J, 

q^^^ydt. 

Let  Zj  be  the  self-inductance  of 
the   discharge   circuit,  L^  the  self- 
inductance  of  the  secondary  circuit,, 
and  L'  the  self-inductance  in  that  part  of  L^  that  is  not  common  to 
Zj,  and  let  M'  be  the  mutual  inductance  between  Z,  and  Z'. 

Let  us  suppose  that  the  inductances  are  localized  in  the  coils,, 
and  the  capacities  localized  in  the  condensers. 

If  we  neglect  the  resistances  of  the  two  circuits,  which  have  but 
small  influence  on  the  period  of  the  circuits,  and  take  the  electromo- 
tive force  around  the  circuits  C^  Z,  and  C^  L^  we  have 

(,7)  L,-^--M'^^-^^^o, 

dx  dx  dv 

(18) 

Replacing  q^  and  q^  by  their  values  from  (15)  and  (16),  we  have 


A^f^^f--'|-^'|-|,-- 


(20)  {W  +  A)  J-  {L'  +  M')%-l^ydt: 


o. 


In  order  to  eliminate  x  from  these  two  equations  let  us  take  (M '' 
+  Z,)  X  equation  (19)  and  add  it  to  (—  L^)  x  equation  (20),  giving 

The  second  derivative  of  (21)  with  respect  to  /,  added  to  —  i/C^, 
X  equation  (20),  gives 
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which  differentiated  again  gives 

,  d^y      iL,      U  +  2M'-\-  L,\d^y        y 

This  equation  may  be  somewhat  simplified  by  introducing  the 
total  inductance  of  the  secondary,  Zj,  and  by  expressing  the  mutual 
induction  in  terms  of  the  total  mutual  inductance  between  Zj  and  L^ 
instead  of  in  terms  of  M*  which  is  the  mutual  inductance  between 
Zj  and  Z'.  Let  the  mutual  inductance  between  L^  and  Z^  be  M, 
then  by  reference  to  the  diagram,  Fig.  58,  it  may  be  seen  that 
<24)  J/=3/'  +  Z, 

and 
<25)  L,^L,-\-U  +  2M'. 

From  these  equations  it  follows  that 
<26)  V  ^L^--  L,  -  2J/'  ^L^  +  L^--  2M, 

and 
<27)    UL^  ^  M'^  =  L/^L^  +  A  -  2 J/)  -  (J/-  LJ'^L.L^  -  iW^. 

Equations  (25)  and  (27)  substituted  in  equation  (23)  gives 

In  like  manner,  if  instead  of  eliminating  ;rfrom  equations  (19) 
and  (20),  we  eliminate  y^  we  get 

<29)    (AA-^^,v+(c;+c;)^+c;c-r°' 

This  equation  is  identical  with  the  equation  used  for  the  deter- 
mination of  the  period  of  oscillation  with  the  electromagnetically 
-connected  system ;  namely  equation  (6)  with  the  resistances  pu- 
equal  to  zero.  Whence  it  follows  that  the  formulas  for  determining 
the  wave-lengths  of  the  direct  coupled  system  are  identical  with 
those  for  the  electro-magnetically  coupled  system,  which  are  given 
as  equations  (10)  and  (11)  on  page  19.  These  formulas  are  found 
to  apply  to  the  experimental  cases  that  follow. 
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Experiments  with  the  Direct  Coupled  System,  —  Several  experi- 
ments were  made  with  the  direct  connected  system  of  circuits.  In* 
all  these  experiments  the  primary  capacity  was  kept  the  same^ 
C\  =  .00432  m.f.  Two  different  values  of  the  secondary  capacit)r 
were  used,  C,  =  .00178  m.f.  and  C^  =  .00445  m.f.  In  each  exper- 
iment the  secondary  inductance  was  set  at  some  fixed  value  Zj,  thus 
making  X^  constant,  and  the  primary  inductance  Z^  was  varied  fron» 
50  turns  to  3  turns,  so  that  the  two  wave-lengths  A/  and  l^  derived 
when  the  secondary  circuit  is  closed  are  functions  of  the  variable  pri- 
mary wave-length  ^,. 

Experiment  XXVI,:     D,    C,     C^^  ,00178,   L^^ 50,5    Turns^ 

X^  =s  /,o/o  Meters, — The  apparatus  for  the  experiments  with  the 

direct  circuit  is  shown  in  Fig.  50.     The  steps  of  the  experiment 
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are  similar  to  those  with  the  other  system  of  circuits.  TaWe 
XXIII.  contains  a  record  of  this  experiment.  The  observed  and 
calculated  values  of  the  wave-lengths  in  the  compound  oscillating 
system  are  plotted  in  Fig.  59.  The  formulas  of  calculation  are  the 
formulas  (10)  and  (11),  and  the  only  difference  between  the  calcu- 
lations in  the  present  case  and  those  of  the  former  case  is  in  the 
method  of  obtaining  M,     In  the  previous  case  -Afhad  to  be  meas- 
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Table  XXIII. 

Direct  Coupled  System, 

Primary  capacity  .00432  microfarad. 

Primary  inductance  varied. 

Secondary  capacity  .00178  microfarad. 

Secondary  inductance  SO. 5  turns  of  coil  =  16.0X10—*  Henrys. 

Wave-length  of  secondary  1010  meters. 


Turns 
Primary. 

Prii^ary  Inducts 

ace. 

u 

M 

T« 

SO 

15.85X10-5 

.05x10-5 

15.90X10-* 

1.00 

4S 

13.9 

.78 

14.56 

.95 

40 

11.8 

1.85 

12.97 

.89 

35 

10.0 

3.30              1      11.35 

.805 

30 

8.20 

5.00 

9.60 

.702 

IS 

6.50 

6.66 

7.92 

.601 

20 

4.82 

8.40 

6.21 

.498 

15 

3.15 

10.20               i       4.47 

.396 

12 

2.30 

11.30               ;       3.50 

.332 

8 

1.30 

12.80 

2.22 

.237 

7 

1.05 

13.25 

1.89 

.212 

6 

.88 

13.63 

1.62 

.113 

S 

.69 

14.00 

1.35 

.145 

4 

.50 

14.40 

1.05 

.138 

10 

1.72 

12.00 

2.86 

.2% 

Turns 

X 

Calculated.                                     Observed. 

Primary. 

Meters. 

Meters. 

A,' 
Meters. 

Meters. 

A.' 
Meters. 

50 

1870 

4S 

1450 

1770 

175 

40 

1325 

1665 

272 

1650 

265 

3S 

1235 

1563 

355 

1540 

342 

30 

1125 

1450 

'     427 

1435 

415 

25 

1020 

1350 

477 

1325 

465 

20 

880 

1240 

500 

1200 

485 

15 

695 

1125 

485 

1100 

485 

12 

585 

1072 

450 

1050 

450 

8 

425 

1030        1         368 

1000 

360 

7 

375 

1025 

330 

335 

6 

340 

1018 

317 

300 

5 

290 

1018 

270         i 

270 

4 

250 

1015 

234 

235 

10 

500 

_ 

1050 

405         1 

415 

ured  on  an  inductance  bridge  for  every  setting  of  the  inductances  in 
the  experiments.     With  the  direct  coupled  system  the  determina- 
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tion  of  M  is  somewhat  simpler.  It  may  be  had  by  calculation  from 
the  calibration  curve  of  the  inductance  coil  used,  for  by  equation 
(26)  on  page  93  we  have 

(30)  M^  ^ ^ • 

In  this  equation  L^  is  the  inductance  of  the  primary,  which  may 
be  obtained  from  the  calibration  curve  of  the  coil  and  the  number 
of  turns  of  the  primary ;  L^  is  the  inductance  of  the  secondary,  had 
from  the  number  of  turns  of  the  secondary ;  and  Z',  see  Fig.  58, 
is  the  inductance  of  that  part  of  L^  which  is  not  common  to  L^> 
This  L  may  be  obtained  as  the  inductance  on  the  calibration  curve 
belonging  to  the  difference  between  the  number  of  turns  on  L^  and 
the  number  on  L^ 

The  value  of  iWby  the  use  of  equation  (30)  found  for  each  setting 
of  the  primary  inductance  is  recorded  in  the  fourth  column  of  Table 
XXIII.  From  this  value  and  the  corresponding  values  of  Zj  and 
Zj  a  value  of  r*  =  M^jL^L^  is  obtained,  and  recorded  in  the  fifth 
column.  Xy  was  measured  by  the  wave-meter  for  several  values  of 
the  primary  inductance.  X^  was  measured  and  left  constant  through- 
out the  experiment.  From  this  value  of  X^  and  the  several  values 
of  X^  and  r^,  the  values  of  A/  and  X^  were  computed  by  the  formulas 
(10)  and  (11).  The  corresponding  values  of  A/  and  X^  were  also 
observed  directly  with  the  wave-meter.  The  observed  values  are 
represented  by  crosses  in  Fig.  59,  and  the  calculated  values  by 
circles. 

The  agreement  between  the  observed  and  calculated  values  is 
within  the  limit  of  accuracy  of  the  measurement  of  the  wave- 
lengths. 

Experiment  XXVII.:  Same  as  XXVI.  Except  that  C^  =  .oo^^j 
m./.f  and  X^=  ij^j  Meters. — The  capacity  about  the  secondary 
was  replaced  by  a  larger  jar  giving  a  longer  secondary  wave-length 
of  1,575  meters  and  observations  like  those  of  the  preceding  experi- 
ment were  made.  The  results  are  plotted  in  Fig.  60.  The  curves 
in  this  case  bear  a  marked  resemblance  to  those  of  Fig.  59.  The 
chief  differences  are  that  in  the  latter  case  with  the  longer  secondary 
wave-length,  A/  begins  higher  up,  tangential  to  1,575  meters  instead 
of  to  1,010  meters  as  in  the  preceding  case ;  and  the  arch  of  the 
curve  X^  is  a  little  higher  than  in  Fig.  59. 
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In  both  experiments  the  curve  l^  comes  down  to  the  horizontal 
axis  in  the  neighborhood  of  ^,  equal  1,575  meters.  This  point, 
which  was  calculated  since  the  wave-meter  scale  does  not  extend 
below  200  meters,  is  the  point  of  perfect  coupling  indicated  by  the 
theory.  This  value  occurred  in  the  experiments  when  the  primary 
and  secondary  condensers  were  both  connected  about  the  same  in- 
ductance^ 50.5  turns  of  the  coil,  so  that  from  the  standpoint  of  the 
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experiment  the  two  condensers  may  be  looked  upon  as  discharging 
in  parallel  through  the  same  inductance,  and  producing,  therefore, 
only  one  wave  of  wave-length 


This  result  is  also  obtainable  from  the  theoretical  equations  (10) 
and  (11) 


,'-4 
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For  when  the  primary  and  secondary  condensers  are  connected 
about  the  same  inductance 

L^^  L^i=.  My  therefore 


A  A 


=  I. 


When  r  is  equal  to  unity  the  coupling  is  said  to  be  perfect  and  the 
equations  given  above  for  the  derived  wave-lengths  become 


;/  =  %/>l2j4.p^;and 
V  =  o.       r 

That  is  to  say,  £he  oscillation  becomes  single  valued. 

The  case  of  perfect  coupling  was  not  observed  in  the  experiments 
with  the  electromagnetically  coupled  system,  because  for  perfect  coup- 
ling the  primary  and  secondary  coils  must  have  the  same  number  of 
windings  and  the  two  coils  must  be  so  close  together  as  to  be  prac- 
tically coincident,  conditions  that  could  not  be  realized  with  the 
apparatus  used  in  the  experiments  with  the  electromagnetic  coupling 

Other  experiments  made  with  the  Direct  Coupled  System  of 
circuits  may  be  epitomized  as  follows. 


Experiment  XXVIII. 
25.5  turns. 

Experiment  XXIX. 

Experiment  XXX. 

Secondary  at 

25.5  turns. 

15.5  turns. 

Secondary  inductance  Z, 

6.7  X  10-»  Henry. 

6.7  X  10-»  Henry. 

3.33  X10-«  Henry. 

Secondary  wave-length  \ 

645  meters. 

1020  meters. 

735  meters. 

Secondary  capacity  C, 

.00178  m.f. 

.00445  m.f. 

.00445  m.f. 

Primary  capacity  C, 

.00432  m.f. 

.00432  m.f. 

.00432  m.f. 

Primary  inductance  L^ 

varied. 

varied. 

varied. 

Carves. 

Fig.  61 

Fig.  62 

Fig.  63 

In  all  of  these  experiments  the  agreement  between  the  observed 
and  calculated  values  is  satisfactory.  In  the  experiments  that  gave 
Fig.  6 1  and  Fig.  62  the  point  of  perfect  coupling  occurs  at  the  same 
value  of  primary  wave-length,  about  1,010  meters.  This  is  because 
the  secondaries  had  the  same  number  of  turns  in  both  cases.  In 
Fig-  63  the  point  of  perfect  coupling  occurs  nearer  the  origin  at 
wave-length  ^j  =  650  meters.  In  each  of  the  figures,  the  curve 
of  X^  after  passing  the  zero  point  again  rises  toward  the  right  giving 
again  the  two  periods  of  oscillation.     Leng^thy  comment  on  these 
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curves  is  unnecessary,,  since  on  account  of  the  agreement  of  the 
observations  with  the  theory  the  complete  trend  of  the  curves  can 
be  obtained  from  the  theoretical  equations. 
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•  The  observed  and  calculated  values  in  this 


ijoo  wo  600  800  1000  mo  mo  f6oo 
\  METERS         a 
Fig.  62. 


i8o 


GEORGE    IV.  PIERCE, 


[Vol.  XXIV. 


case  are  given  in  Fig.  64.     The  figure  resembles  the  corresponding 
case  with  the  electromagnetic  connected  system. 

In  conclusion  it  should  be  remarked  that  the  experimental  values 
of  the  wave-lengths  for  the  entire  set  of  experiments  were  taken 
before  the  calculations  were  made,  and  in  no  case  were  any  of  the 
experimental  values  redetermined.  Each  measurement  of  wave- 
length was  made  hastily  and  with  a  single  setting  of  the  wave-meter 
No  effort  was  made  to  obtain  high  accuracy  in  the  results,  as  might 
have  been  done  by  averaging  several  settings  of  the  wave-meter. 
The  results  show  that  the  theoretical  formulas  given  above  are  suf- 
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ficiently  accurate  to  be  used  for  computing  the  wave-lengths  of  the 
oscillation  occurring  in  connected  systems  of  condenser  circuits. 
Also,  on  the  other  hand,  the  agreement  between  observed  and  cal- 
culated values  show  that  the  wave-meter  used  is  correctly  calibrated 
and  is  serviceable  for  the  range  of  wave-lengths  between  200  meters 
and  1,800  meters.  It  is  proposed  to  utilize  the  apparatus  in  direct 
measurements  with  wireless  telegraph  circuits  instead  of  the  simpler 
condenser  circuits  of  the  present  research. 

Jefferson  Physical  Laboratory, 
Harvard  University,  Cambridge,  Mass. 
November  6,  1906. 
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THE  TRANSFORMATION    INTO   AN    ELECTRIC    CUR- 
RENT  OF   RADIATION    INCIDENT   ON 
A  MOVING  SURFACE. 

By  Bergen  Davis. 

A  PLANE  polarized  beam  of  light  is  generally  considered  to 
consist  of  a  train  of  waves  in  which  the  electrical  component 
alternates  in  sign,  but  remains  in  the  same  plane  perpendicular  to 
the  wave  front.  As  the  wave  passes  through  a  surface,  a  point  on 
the  surface  would  be  subject  to  an  alternating  field  of  force. 

It  would  be  a  matter  of  great  importance  to  rectify  the  small 
currents  that  are  set  up  in  a  conducting  surface  by  such  alternating 
fields  of  force.  The  detection  of  these  currents  would  not  only 
confirm  the  electro-magnetic  theory  of  radiation,  but  would  furnish 
a  direct  method  for  distinguishing  the  electric  and  magnetic  com- 
ponents of  the  wave. 

An  account  of  some  experiments  by  the  late  Professor  A.  Bartoli 
on  the  direct  transformation  of  radiation  into  electric  currents  has 
recently  been  published.*  The  writer  has  lately  repeated  the  ex- 
periments of  Professor  Bartoli,  making  such  changes  in  the  appa- 
ratus as  our  present  knowledge  of  the  electronic  nature  of  electric 
conduction  would  warrant.  Because  of  the  importance  of  Bartoli's 
experiment,  I  think  it  advisable  to  give  an  outline  of  his  reasons  for 
expecting  the  effect  and  a  translation  of  that  part  of  his  paper  which 
describes  his  apparatus  and  the  results  obtained. 

I.  Professor  Bartoli  proceeds  from  his  well-known  thermo-dy- 
namic  proof  of  radiation  pressure.  He  performed  some  experi- 
ments seeking  to  observe  the  expected  radiation  pressure,  but  fail- 
ing to  detect  it,  concludes  that  it  does  not  exist.  It  occurs  to  him 
that  perhaps  his  failure  is  due  to  the  conversion  of  the  incident 
energy  into  currents  in  the  conducting  surface.     The  experiment 

^Su  la  transformazione  in  correnti  ellectriche  delle  radiazioni  incidenti  Sopra  una 
superficie  riflettente  in  movimento.     Accademia  dei  Lincei,  1903,  5th  Series,  12. 
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described  below  was  undertaken  for  the  purpose  of  detecting  these 
transformed  currents. 

It  is,  perhaps,  worth  while  to  give  a  translation  of  that  part  of 
his  paper  which  describes  his  apparatus  and  the  results  obtained. 

'*  Upon  a  disc  //",  of  copper  4  mm.  thick  and  80  cm.  in  diameter, 
a  copper  band  LPM,  is  firmly  fixed  and  perfectly  silvered,  so  that 
it  will  reflect  at  least  92  per  cent,  of  the  incident  radiation.  This 
band  is  insulated  by  means  of  well-dried  pieces  of  wood,  after  they 
have  been  boiled  in  linseed  oil,  to  which  it  is  firmly  attached  by  a 
great  number  of  brass  screws. 

"  The  two  extremities  L  and  M  di  the  band  are  joined  by  strips 


Fig.  1. 

of  copper,  /  and  m,  to  two  rings  of  copper  BB\  which  are  3  mm. 
thick  and  insulated  by  two  small  ebonite  wheels  4  cm.  in  diameter. 
The  disc  H,  as  well  as  the  two  small  wheels  BB' ^  are  firmly  fixed 
normally  to  the  steel  axis  PS,  which  is  3  cm.  in  diameter  but  thicker 
in  the  middle.  Above  the  two  copper  rings  BB' ,  there  are  two  in- 
sulated copper  springs  AA' ,  which  by  copper  adjusting  screws  and 
thick  copper  wires,  communicate  with  a  mirror  galvanometer  of 
small  resistance  and  of  that  type  which  is  completely  astatic.^ 

*'  The  axle  PS,  was  resting  on  bronze  bearings  which  were  sup- 
ported by  a  strong  bed  frame  of  a  turning  lathe  of  more  than  1,000 
kilograms  and  which  was  firmly  fixed  to  the  ground. 

"  It  was  possible  to  impress  a  very  rapid  rotation  to  the  disc  H 
by  means  of  a  belt  passing  over  the  iron  pulley  /^4.5  cm.  in  diam- 
eter. The  motion  was  generated  by  two  large  wheels  at  each  of 
which  from  six  to  eight  men  were  working.     A  counting  device  simi- 

1  A  two-needle  mirror  galvanometer  of  Magnus,  constructed  by  Sauerwald,  Berlin. 


No.  2.]  TRANSFORMA  TION  OF  RAD  I  A  TION.  1 83 

lar  to  Savart's  toothed  wheel  made  it  possible  to  count  the  number 
of  revolutions  of  the  disc  in  a  stated  time.  After  a  half-hour's  work 
it  was  possible  to  impart  to  the  disc  H  its  maximum  velocity 
which  was  about  100  to  150  revolutions  per  second;  In  that  case 
the  velocity  of  a  point  on  the  band  Z/Wwas  about  240  to  410 
meters  per  second. 

"  Before  commencing  the  action,  a  pencil  of  solar  rays  concen- 
trated upon  the  band  LPMhy  means  of  plane  and  concave  mirrors 
did  not  produce  any  thermo-electric  current  that  made  the  galva- 
nometer deviate  more  than  two  to  three  scale  divisions.  During  the 
motion  of  the  disc  no  thermo-electric  current  whatsoever  (owing  to 
the  warming  of  the  rings  pressing  against  the  springs,  or  owing  to 
any  other  cause)  made  the  galvanometer  deviate  while  the  moving 
disc  was  in  the  dark.  While  the  galvanometer  needle  was  motion- 
less and  the  disc  had  attained  its  maximum  velocity  I  let  the  solar 
pencil  (by  pulling  up  the  diaphragm)  fall  upon  the  band  LPM  (at 
about  its  middle).  I  could  then  observe  a  deviation  which  at  times 
attained  42  scale  divisions.  This  deviation  was  always  observed. 
It  depended  upon  the  direction  of  rotation.  In  fact  revolving  the 
disc  in  the  opposite  sense  at  the  same  speed  produced  a  deviation 
of  about  38  scale  divisions  in  the  opposite  direction.  This  deviation 
was  entirely  dependent  on  the  velocity  of  rotation ;  thus,  with  a 
rotatory  velocity  of  about  one  half  that  of  the  maximum  a  deviation 
of  20  scale  divisions  was  obtained,  i.  e,,  about  one  half  the  preced- 
ing deviation.  The  deviation  persisted  as  long  as  the  solar  pencil 
was  striking  the  silvered  band  ;  when  the  rays  were  cut  off  by  the 
diaphragm  the  galvanometer  returned  to  zero  ;  when  the  diaphragm 
was  pulled  up  the  galvanometer  deviated  anew. 

"  These  experiments  were  made  in  the  months  of  August  and 
September,  1880,  in  the  school  of  design  which  is  situated  on  the 
ground  floor  of  the  Technical  Institute  of  Florence.  I  was  assisted 
in  these  experiments  by  Dr.  Guido  Alessandri,  then  my  assistant, 
now  professor  in  the  Royal  Lyceum  of  Potenza. 

"  For  lack  of  sufficient  motor  and  local  conveniences,  I  could  not 
continue  the  experiments  which  I  have  only  indicated  for  the  sake 
of  recording  them.  I  am  satisfied  however  with  the  discovery  of 
the  fact.    I  reserve  for  some  other  time  the  repetition  of  these  experi- 
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ments  with  improved  means  in  order  to  determine  the  laws  govern- 
ing this  phenomenon." 

It  is  to  be  regretted  that  Professor  Bartoli  does  not  give  the  sen- 
sitiveness of  his  galvanometer.  It  is  impossible  to  estimate  the 
magnitude  of  the  effect  which  he  observed.  It  is  not  probable 
.  however  that  as  early  as  1 880  he  possessed  an  instrument  so  sensi- 
tive as  those  now  at  our  disposal. 

There  are  some  conditions  of  the  experiment  just  described  that 
make  it  somewhat  doubtful  if  the  effect  sought  for  was  really 
observed.  The  silver  surface  was  deposited  on  a  copper  band  of 
considerable  thickness.  The  light  was  reflected  for  the  most  part 
and  certainly  not  at  all  transmitted  through  the  strip.  The  dis- 
turbances produced  in  the  strip  would  be  confined  entirely  to  the 
surface.  The  electro-motive  force  that  may  have  been  developed 
did  not  extend  through  the  strip,  consequently  if  a  current  were 
produced  in  the  surface  it  would  flow  around  through  the  back  of 
the  strip.  The  current  would  be  completely  closed  locally  and 
there  could  be  no  effective  electro-motive  force  tending  to  send  a 
current  through  the  external  circuit  to  the  galvanometer. 

There  are  other  and  more  fundamental  reasons  for  the  improb- 
ability of  the  real  existence  of  the  effect  described  by  Bartoli.  Some 
of  these  objections  will  be  considered  in  the  second  part  of  this  paper. 

II.  It  can  be  shown  however  that  the  alternating  currents  pro- 
duced in  a  moving  conductor  by  incident  radiation  will  not  be  sym- 
metrical, but  during  one  half  period  will  be  of  greater  or  less  amplitude 
than  the  next  half  period  provided  the  force  acting  on  an  electron 
is  modified  by  its  velocity  in  an  electric  field. 

Suppose  a  plane  polarized  beam  of  light  to  pass  through  a  thin 
conducting  film  in  motion.  The  plane  of  the  electric  component  is 
in  the  direction  of  motion.  The  electro-motive  force  of  the  light 
wave  will  act  through  the  whole  thickness  of  the  film,  but  its  inten- 
sity will  decrease  with  the  depth  owing  to  absorption.  The  current 
produced  will  be  proportional  to  the  electro-motive  force  at  any 
depth. 

Let  the  sinusoidal  form  in  Fig.  2  represent  such  a  wave  propa- 
gated downward  through  a  conducting  film  CD,  The  electric 
component  is  in  the  plane  of  the  paper.     Consider  that  the  carriers 
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of  the  current  are  free  negative  electrons.  If  the  film  is  at  rest  as 
the  train  of  waves  passes  through,  the  electrons  will  be  subject  to  a 
symmetrically  alternating  force  which  will  produce  a  symmetrical 
alternating  current.  If  the  film  is  in  motion  the  alternating  currents 
will  be  unsymmetrical  or  symmetrical  according  as  the  force  acting 
on  an  electron  is  a  function  of  its  velocity  in  the  field  or  not. 

Assume  the  film  to  be  in  motion  and  the  light  wave  at  a  given 
instant  to  occupy  the  position 
represented  by  case  A^  Fig.  2. 
The  electrons  will  have  a  motion 
relative  to  the  field  from  left  to 
right  due  to  the  motion  of  the 
film.  This  direction  is  opposite 
to  that  which  the  field  of  the 
wave  tends  to  give  them  at  this 
instant.  The  second  case  B  re- 
presents the  position  of  the  wave 
a  half  period  later  than  case  A, 
The  motion  of  the  electrons  rela- 
tive to  the  field  is  here  in  the 
same  direction  as  that  which  the 
field  tends  to  produce.  The  rela- 
tive motion  of  the  electrons  with 
respect  to  the  field  will  thus  be  a  variable  one.  If  the  force  acting 
on  an  electron  moving  parallel  to  and  in  an  electric  field  depends 
on  its  velocity  in  the  field,  the  currents  in  the  film  will  no  longer  be 
symmetrical  but  will  have  a  greater  amplitude  in  one  direction.  The 
current  will  be  alternating  but  unsymmetrical.  Since  the  resistance 
is  constant  the  effective  electro-motive  force  will  also  be  unsym- 
metrical. 

I  shall  make  the  most  simple  assumption  possible  for  the  depend- 
ence of  the  force  on  the  velocity,  namely  that  it  will  be  modified  by 
a  quantity  proportional  to  {ujvf,  where  u  is  the  velocity  of  the  film 
and  VIS  the  velocity  of  light. 

Then  during  the  first  half  period  (case  A)  the  effective  E.M.F. 
will  be 


?,  =  ^[i+(jy]sin//. 
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The  mean  value  of  this  is 

During  the  next  half  period  (case  B)  the  effective  E.M.F.  will  be 
the  mean  value  of  which  is 


^-i[-» 


The  effective  E.M.F.  tending  to  produce  a  current  in  one  direction 
in  the  film  is 

where  X  is  the  maximum  electrical  intensity  of  the  sinusoidal 
light  wave.  This  would  be  the  mean  electro-motive  force  for  slow 
frequencies  of  vibration.  The  light  wave,  however,  is  of  very  high 
frequency,  and  it  is  well  known  that  alternating  currents  of  such 
frequencies  cannot  be  propagated  along  conductors  because  of  the 
impedance.  Neglecting  this  impedance  the  theoretical  value  of  E 
may  be  readily  found. 

Taking  the  solar  constant  as  3  gram-calories  per  minute  the 
energy  per  cubic-centimeter  of  sunlight  is  2.1  x  10^  ergs  and  the 
value  of  -^ is  found  to  be  about  6.2  volts  per  centimeter. 

If  the  linear  velocity  of  the  moving  film  is  10,000  cm.  per  second, 
the  ratio  {ujvf  becomes  —  ^  X  lO"*'. 

Introducing  the  value  of  X  and  {ujvf  in  (3)  we  have 

X=  3.6  X  ID""  volts  per  centimeter. 

If  the  sunlight  is  concentrated  by  a  lens  to  100  times  its  natural 
intensity,  the  electrical  intensity  becomes 

A^=  3.6  X  I Q-^^  volts. 

This  is  the  electrical  intensity  at  the  upper  surface  of  the  film. 
At  the  lower  surface  the  electrical  intensity  will  be  much  less  owing 
to  reflection  and  absorption  in  the  film.  Much  of  the  current  de- 
veloped at  the  upper  surface  would  complete  its  circuit  at  the  under 
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surface.  The  effective  electrical  intensity  would  thus  be  due  to 
the  intensity  of  the  radiation  that  passed  through  the  lower  surface. 

The  electrical  intensity  (3.6  x  io~*®)  is  too  small  to  be  easily 
detected  on  account  of  the  unavoidable  disturbances  produced  by 
the  high  velocity  of  the  film. 

Also  although  the  electrical  intensity  2l7:{ulvfX  is  always  in 
one  direction  in  the  film,  yet  it  is  not  continuous  but  impulsive, 
and,  as  I  have  pointed  out,  impulses  of  the  order  of  frequency  of 
light  vibrations  can  not  be  propagated  along  conductors. 

In  spite  of  these  considerations  which  indicate  an  improbability 
of  an  effect  in  view  of  Bartoli's  experiments  I  have  though  it  worth 
while  to  seek  to  test  his  observations  by  a  modified  method. 

Apparatus  and  Experiment. 
The  method  used  was  to  move  a  semi-transparent  film  in  a  plane 
perpendicular  to  a  concentrated  beam  of  sunlight  falling  upon  it. 
The  rotating  device  for  giving  a  great  linear  velocity  to  the  film 
f)  is  shown  in  Fig.  3.     An  aluminium  disc  D  is  mounted  on  a 


Fig.  3. 

hollow  steel  axle  A,  The  disc  is  recessed  to  firmly  hold  the  glass 
plate  g.  The  disc  and  plate  are  rotated  by  an  air  motor  mm'. 
Air  compresed  to  about  25  pounds  pressure  per  square  inch  was 
directed  by  suitably  constructed  nozzles  upon  the  toothed  wheels 
mm'.  By  this  device  the  glass  plate  could  be  given  a  speed  of  200 
revolutions  per  second  and  the  direction  of  rotation  could  be  quickly 
reversed. 

A  thin  circular  silver  film  (/)  about  8  mm.  broad  was  deposited 
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by  the  chemical  method  upon  the  glass  plate.  The  strip  of  silver 
film  formed  nearly  a  closed  ring.  A  radial  silver  strip  extended 
from  each  end  of  the  film  toward  the  center  and  attached  to  alumi- 
nium wires  by  the  small  screw  bolts  pp'.  These  wires  (insulated) 
were  carried  through  the  hollow  axle  to  the  ends  of  the  shaft  where 
they  were  attached  to  aluminium  cones  cc' .  These  cones  were 
also  insulated  from  the  shaft.  Aluminium  springs  ss^  pressed 
against  these  conical  points.  The  points  of  the  cones  were  made 
to  coincide  as  nearly  as  possible  with  the  axis  of  rotation  of  the 
shaft.  This  reduced  the  motion  between  the  points  of  the  cones 
and  the  contact  springs  to  a  minimum. 

The  greater  part  of  the  glass  disc  was  covered  by  an  ebonite  cover 
E,  This  was  just  large  enough  to  cover  nearly  all  the  plate  to  the 
inner  edge  of  the  film.  This  cover  prevented  disturbances  arising 
from  the  friction  of  the  air  against  the  radial  parts  of  the  film  and 
the  small  bolts  pp' ,  Great  disturbances  were  always  observed  in 
the  galvanometer  when  the  apparatus  was  used  without  this  cover. 

The  galvanometer  was  a  D'Arsonval  type  recently  constructed 
for  our  laboratory  by  the  Weston  Electric  Instrument  Company. 
Its  resistance  is  31.3  ohms.  The  volt  sensitiveness  is  81.6  X  io~*^ 
volts  per  scale  division,  the  scale  being  one  meter  from  the 
instrument. 

The  sunlight  was  concentrated  on  the  film  (/)  by  means  of  a 
large  lens.  The  films  were  of  various  thicknesses  transmitting  from 
.05  to  .005  of  the  incident  light.  The  sunlight  could  be  admitted 
to  or  shut  off  from  the  film  by  a  movable  diaphragm.  The  greatest 
rate  of  rotation  attained  was  about  180  revolutions  per  second^ 
which  gave  a  linear  speed  to  the  film  of  6,000  cm.  per  second. 

Very  little  disturbance  was  produced  in  the  galvanometer  by  this 
rapid  rotation.  There  was  occasionally  a  slow  drift,  sometimes  i» 
one  direction  sometimes  in  the  other. 

A  number  of  films  of  various  thicknesses  were  experimented  with 
but  in  no  case  was  there  a  deflection  of  the  galvanometer  that  could 
be  traced  to  the  act  of  admitting  the  light  to  the  film  or  to  suddenly 
shutting  it  off. 

Three  silver  films  and  one  platinum  were  tried.  Their  resistances 
were  as  follows  : 
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A.  Resistances  1 50  ohms. 

B.  '^  500  ohms. 

C.  "  200  ohms. 

D.  This  film  was  formed  as  follows  : 

The  glass  plate  was  silvered.  This  silver  was  coated  with  a  thin 
film  of  gelatine.  A  platinum  strip  8  mm.  wide  was  then  deposited 
on  this  gelatine  by  the  cathode  discharge.  The  platinum  film  was 
insulated  from  the  silver  by  the  gelatine.  The  resistance  of  the 
platinum  film  was  410  ohms. 

The  order  of  the  effect  that  might  have  been  expected  had  there 
been  no  impedance  already  referred  to  may  be  approximately  calcu- 
lated. The  sunlight  was  concentrated  to  about  100  times  its  natural 
intensity.  The  maximum  electrical  intensity  of  the  electrical  com- 
ponent was  about  600  volts,  of  which  the  resultant  components 
parallel  to  the  direction  of  motion  was  300  volts.  The  thinnest  film 
transmitted  not  more  than  five  per  cent,  of  the  incident  light.  The 
electrical  component  at  the  back  of  the  film  was  thus  about  1 5  volts 
per  centimeter.  The  velocity  of  the  film  was  about  6,000  cm.  per 
second.     The  mean  impulsive  electrical  intensity  was 


—  I — j  X=  4  X  io~"  volts  per  cm. 


This  was  beyond  detection  by  the  galvanometer. 

With  a  resistance  of  531  ohms  in  the  circuit,  one  scale  division 
corresponded  to  an  electro-motive  force  of  1.39  x  lO"^  volts. 

The  effect  if  it  exists  was  thus  about  three  million  times  too 
small  to  be  detected  by  this  instrument. 

Conclusion. 
Professor  Bartoli  does  not  give  the  sensitiveness  of  his  galvan- 
ometer. A  direct  comparison  of  the  two  experiments  is  conse- 
quently impossible.  It  may  however  be  doubted  if  at  that  time 
(1880)  he  possessed  an  instrument  of  much  greater  sensitiveness 
than  the  one  used  by  the  writer.  It  is  true  that  he  attained  a 
greater  linear  velocity  of  his  conducting  strip  (40,000  cm.  per 
second).  But  as  I  could  certainly  detect  a  throw  of  4  scale  division 
I  should  easily  have  observed  an  effect  that  gave  him  a  throw  of  42 
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scale  divisions.  If  the  galvanometers  were  equally  sensitive  this 
would  allow  for  a  peripheral  speed  one  tenth  that  obtained  by  Pro- 
fessor Bartoli. 

The  fact  that  with  my  apparatus,  which  was  on  the  whole  prob- 
ably as  sensitive  as  that  of  Professor  Bartoli,  no  effect  was  observed, 
and  also  that,  if  there  was  any  partial  rectification,  the  electrical  inten- 
sity must  have  been  impulsive  and  so  destroyed  by  the  impedance, 
leads  at  least  to  the  conclusion  that  the  existence  of  the  effect  described 
by  Professor  Bartoli  is  not  established  and  must  remain  in  doubt 
until  again  observed  by  other  experimenters. 

Ph(enix  Physical  Laboratory, 
Columbia  University, 
October  27,  I9«">6. 
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THE    ELASTIC    MODULUS    FOR    SMALL    LOADS    AT 
THE   ELASTIC   LIMIT. 

By  Henry  W.  Bearce. 

IN  June,  1899.  there  was  published  in  the  Physical  Review  a 
paper  by  Mr.  C.  P.  Weston,  in  which  was  described  a  series  of 
investigations  relating  to  the  application  of  Young's  Modulus  when 
small  loads  are  used.  Even  with  loads  of  the  order  of  magnitude 
of  0.5  gram,  it  was  found  that  the  ratio  between  the  stress  and  the 
strain  holds  true. 

The  present  paper  describes  a  series  of  experiments  where  the 
work  of  Mr.  Weston  was  repeated  with  the  exception  that  the  rods 
had  been  previously  weighted  so  as  to  bring  them  to  their  elastic 
limits. 

This  was  done  by  applying  a  load  at  the  center  of  the  rod  and 
increasing  this  load  by  small  amounts  until  a  permanent  *'  set " 
could  be  detected  in  the  rod.  A  telescope  with  a  micrometer  head 
was  used  for  this  purpose  and  a  very  slight  deviation  from  the  origi- 
nal position  of  the  rod  could  be  detected  as  the  successive  loads 
were  removed.  The  load  which  caused  the  first  noticeable  perma- 
nent **  set "  was  taken  as  the  elastic  limit  and  in  that  part  of  the 
experiment  in  which  Young's  Modulus  was  determined,  this  was 
used  as  the  initial  load  to  which  the  0.5  gram  loads  were  added. 

The  deflections  in  the  rods  were  measured  by  the  method  of  inter- 
ferences of  light  waves.  The  movable  mirror  of  an  interferometer 
was  removed  and  fastened  by  a  pellet  of  wax  to  the  center  of  the 
rod  to  be  tested,  the  interferometer  being  placed  on  its  side  and 
illuminated  by  a  sodium  flame  placed  at  the  right  of  the  apparatus. 

The  proper  height  of  the  mirror  was  found  by  raising  and  lower- 
ing the  knife  edges,  and  the  proper  angle  by  slightly  moving  the 
mirror  on  the  pellet  of  wax  and  by  the  adjusting  screws  of  the  sta- 
tionary mirror.  By  careful  adjustment  of  the  distance  and  angles 
of  the  mirrors,  straight  and  clear-cut  fringes  were  found.  Then 
when  the  o.  5  gram  weight  was  added  the  fringes  were  seen  to  pass 


192 


HENR  Y  W,  BEARCE, 


[Vol.  XXIV. 


across  the  field  of  view.  By  a  count  of  the  number  of  fringes  pass- 
ing a  point  of  reference  the  amount  of  deflection  was  calculated, 
assuming  as  the  wave  length  of  sodium  light,  o.oocx>6  cm.  In  order 
that  the  fringes  could  be  accurately  counted,  it  was  necessary  to  add 
the  0.5  gram  very  slowly  and  this  was  done  by  suspending  the 


Fig.  1. 

weight  by  a  fine  silk  thread  from  a  horizontal  arm  moved  up  and 
down  by  a  slow  motion  screw. 

The  accompanying  figure  will  show  the  details  of  the  experi- 
mental work. 

The  results  of  the  deflection  experiments  appear  in  the  table. 


Table  I. 

Irtm  Bar. 

No. 

MaBB  in  OraniB. 

Deflection  in 
Wave-lengthB. 

Deflection  in  cm. 

Deflection  for  0.5 
Oram. 

1 

0.560 

1.68 

0.000101 

0.0000902 

2 

1.025 

3.59 

0.000215 

0.0001048 

3 

1.585 

5.21 

0.000312 

0.0000985 

4 

1.995 

7.05 

0.000423 

0.0001083 

Elastic  load  — 6.5  >(. 

M 


Using  the  common  formula  for  the  modulus 

F=  Wt.  in  grams  x  980.6 
L  =  Length  =  60  cm. 
b  =  Breadth  =  .970  cm. 
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rf=  Deflection  in  cm.  for  0.5  gram  =  o.oooioi 
0.4985  X  980.6  X  216000  10548 1008 


M^ 


4  X  0.970  X  .125  X  O.OOOIOI      .000050304 
Table  II. 

Steel  Bar. 


=  20.96  X  10". 


No. 

MaBB  in  GrmonB. 

Deflection  in 
Wave-lengthB. 

Deflection  in  cm. 

Deflection  for  0.5 
Oram. 

1 
2 
3 
4 

0.560 
1.025 
1.585 
1.995 

1.34 
2.44 
3.67 
5.01 

0.0000804 
0.0001464 
0.0002202 
0.0003006 

0.0000718 
0.0000714 
0.0000695 
0.0000753 

Elastic  load  — 24.25  >t. 


Z  =  6ocm.  A*  =  .154854 

b  =  1.008  cm.  d  =  0.000720 

A  =.537  cm.  iJ/=  21.04  X  10". 

Table  III. 

Copper  Bar, 


No. 

MaBB  in  OramB. 

Deflection  in 
Wave-lengthB. 

Deflection  in  cm. 

Deflection  for  0.5 
Oram. 

1 
2 
3 
4 

0.560 
1.025 
L585 
1.995 

L35 
2.74 
4.54 
5.92 

0.0000810 
0.0001644 
0.0002724 
0.0003552 

0.0000723 
0.0000802 
0.0000859 
0.0000891 

Elastic  load— 13.25^. 


A  =  61  cm.  h  ==  0.639  C"*- 

^  =  1 .087  cm.  d  =  0.00008 1 9 

J/=  12.26  X  10". 

Table  IV. 

Brass  Bar. 


No. 

ItfasB  in  OramB. 

>^:vSen^°B.        ^efl^^io"  ^  ««• 

Deflection  for 
0.5  Oram. 

1 
2 
3 
4 

0.56 
L025 
1.585 
L995 

1.35                   0.0000810 
2.68                   0.0001608 
4.02           S         0.0002412 
5.51          i         0.0003306 

0.0000723 
0.0000784 
0.0000768 
0.0000829 

ELstic  load— 19.5  >t. 


Zr  =  60  cm  h  =  0.638  cm. 

b  =  1.094    m.  rf=  .0000776 

iJ/=  1 1.59  X  10". 
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A  comparison  of  the  above  results  with  those  obtained  by  Prof. 
Weston  is  shown  in  the  next  table. 

Table  V. 

Comparison  of  Results  under  Ordinary  Conditions  with  those  at  Elastic  Limit. 


Bar. 


At  Elastic  Limit 
(interferometer). 


nary 
iterfe 


( interferometer) . 


Ordinary  Conditione 
(large  foade  used). 


Steel. 

Copper. 

Brass. 


2L04  X  W 
12.26  X  10 
1L59  X  10 


19.19  XIO'/ 
11.87  X  10 
10.64  X  10 


19.56  X  10" 
12.00  X  10 
10.62  X  10 


It  will  be  seen  that  the  results  for  the  modulus  when  the  bars 
are  at  the  elastic  limit  are  slightly  in  excess  of  those  under  ordi- 
nary conditions. 

The  accompanying  curves  show  the  relation  between  loads  differ- 


;^-=  — ^-^ 


Fig.   2. 

ing  by  o.  5  gram,  and  the  resulting  deflections  measured  in  wave- 
lengths of  sodium  light.     In  the  plot  each  vertical  space  equals  0.5 
gram,  and  each  horizontal  space  one  wave-length. 
In  conclusion  it  may  be  said  : 

1 .  These  experiments  seem  to  show  a  slight  increase  in  the  elastic 
modulus  as  bars  reach  the  elastic  limit. 

2.  Within  the  limits  of  errors  of  observation  Hookers  law  holds 
at  the  elastic  limit  as  well  as  under  normal  conditions. 

This  work  was  suggested  by  Prof.  James  S.  Stevens  and  carried 
on  under  his  direction. 
Physical  Laboratory, 

University  of  Maine. 
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INDEX  OF  REFRACTION  AND  DISPERSION  WITH 
THE  INTERFEROMETER. 

By  C.  a.  Proctor. 

TO  determine  the  index  of  refraction  of  a  dispersion  medium  by 
means  of  an  interferometer  it  is  necessary  to  introduce  into 
one  arm  of  the  instrument  a  known  thickness  of  the  substance  to 
be  tested,  and  to  count  the  number  of  fringes  which  cross  the  field 
while  this  change  in  the  light  path  is  actually  occurring,  or  else  to 
employ  two  or  more  light  sources  of  different  wave-length.  For  if 
we  merely  determine,  by  moving  one  of  the  mirrors,  the  shift  of  the 
white  light  fringes  due  to  the  substance,  the  results  obtained  will  be 
incorrect  owing  to  the  shift  due  to  dispersion.* 

The  usual  laboratory  method  of  determining  the  true  value  of  this 
fringe  shift  may  be  briefly  outlined  as  follows  : '  A  plate  of  uniform 
thickness  of  the  substance,  e.  g.,  glass,  whose  index  is  to  be  deter- 
mined, is  cut  in  two,  and  one  half  is  mounted  in  each  arm  of  the 
interferometer  so  as  to  cover  half  the  field.  For  this  purpose  the 
instrument  is  provided  with  two  extra  frames  capable  of  rotation 
about  vertical  axes,  one  of  them  being  equipped  with  a  slow-motion 
attachment  for  rotating.  The  two  pieces  of  glass  are  arranged  to 
cover  the  same  portion  of  the  field  of  view  and  are  set  normal  to  the 
light  paths,  and  the  interferometer  is  adjusted  for  white  light  fringes. 
When  these  adjustments  are  made  the  fringes  in  the  portion  of  the 
field  covered  by  the  glass  will  be  continuous  with  those  in  the  re- 
mainder of  the  field.  One  glass  is  now  turned  through  a  convenient 
angle.  The  other  glass  is  then  turned  by  means  of  the  slow-motion 
attachment,  the  fringes  of  sodium  light  being  counted  as  they  cross 
the  field  until  the  white-light  fringes  again  occupy  their  former  posi- 
tion. The  angle  through  which  either  glass  turns  is  measured 
with  the  aid  of  a  telescope  and  scale.     If  this  angle  is  /,  the  fringe 

'  C.  R.  Mann,  Manual  of  Adv.  Optics,  p.  37. 
'Loc.  cit.,  p.  61. 
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count  2N,  the  thickness  of  the  glass  /,  the  index  of  the  glass  11,  and 
the  wave-length  of  sodium  light  X,  it  may  readily  be  shown  that 

(/«M)(i-cos/)  +  ^ 
^  ^ '        <r-  cos"7>=7W  ^^^ 

The  term  N^'^\2t  is  negligible. 

If  we  now  restore  one  glass  to  a  position  normal  to  the  light 
path  and  move  one  of  the  mirrors  until  the  white  light  fringes  in  the 
part  of  the  field  covered  by  the  glasses  once  more  occupy  their 
former  position,  the  number  of  sodium  fringes  crossing  the  field 
will  be  greater  than  2N,  the  difference,  which  we  will  call  2N\ 
depending  upon  the  dispersion.     If  we  assume  the  relation 

,      B 
we  have 

In  this  expression  t'  is  the  thickness  of  glass  introduced  into  the 
path  by  the  rotation.  In  this  way  we  can  obtain  both  the  index 
and  the  dispersion  of  our  substance,  using  light  of  a  single  wave- 
length. 

The  objection  to  this  method  is  that  it  demands  a  sample  of  glass 
for  test  in  the  form  of  two  plane  parallel  plates  of  the  same  thick- 
ness, and  a  specially  equipped  interferometer.  This  makes  it  in 
many  cases  unavailable,  either  as  a  practical  method  of  determining 
indices,  or  as  a  laboratory  exercise. 

It  occurred  to  the  writer  that  the  above  procedure  might  be  con- 
siderably simplified,  and  that  resort  to  the  laboratory  scrap  pile 
should  furnish  materials  to  satisfactorily  take  the  place  of  the  slow 
motion  attachment  on  the  interferometer  for  rotating  the  glass. 
Accordingly  a  very  rough  micrometer  screw  with  its  nut  was  taken 
from  a  disused  coefficient  of  expansion  apparatus.  The  graduated 
disc  was  removed  and  in  its  place  was  put  an  arm  of  brass  about 
10  cm.  long  and  0.5  cm.  thick.  The  nut  was  then  secured  in  a 
clamp  mounted  on  a  heavy  laboratory  support  in  such  a  way  that, 
as  nearly  as  could  be  judged  by  eye,  the  screw  was  vertical.     A 
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spherometer  from  which  the  legs  and  disk  had  been  removed  was 
held  by  another  clamp  on  the  rod  of  the  same  support  in  such  a 
way  that  the  screw  was  in  a  horizontal  position  with  its  point  bear- 
ing against  the  arm  attached  to  the  vertical  screw.  This  contact 
was  maintained  with  the  aid  of  a  spiral  spring.  The  glass  to  be 
tested  was  waxed  to  the  lower  end  of  the  vertical  screw,  and  a 
galvanometer  mirror  to  the  upper  end.  This  device  was  placed  so 
that  the  glass  projected  into  one  path  of  an  interferometer  far  enough 
to  cover  the  upper  half  of  the  field.  It  furnished  a  slow  motion  for 
turning  the  glass  which  gave  complete  satisfaction. 

The  method  of  experiment  employed  was  as  follows.  From  a 
fragment  of  plate  glass  two  pieces  were  cut  approximately  3x3 
cm.  each,  one  of  which  was  mounted  on  the  slow-motion  apparatus 
as  described  above.  As  is  generally  the  case  the  surfaces  of  this 
glass  were  not  parallel,  so  that  when  it  was  introduced  into  one 
arm  of  the  interferometer  the  fringes  disappeared  from  the  field 
owing  to  the  deviation  of  the  light  passing  through  the  glass. 
This  effect  could  of  course  be  corrected  by  the  readjustment  of  one 
of  the  mirrors  but  such  a  procedure  would  entail  the  loss  of  the 
fringes  in  the  lower  part  of  the  field,  and  even  if  the  surfaces  were 
nearly  enough  parallel  so  that  the  fringes  were  visible  in  both  por- 
tions of  the  field,  they  would  be  at  a  very  low  visibility  in  one 
if  white  light  fringes  were  present  in  the,  other.  As  it  is  con- 
venient, though  by  no  means  essential,  to  have  the  fringes  in  the  lower 
part  of  the  field  for  purposes  of  reference,  the  second  piece  of  glass 
was  mounted  in  the  other  arm  so  that  it  covered  the  same  part  of  the 
the  field  as  did  the  first.  This  glass  was  then  turned  in  its  own 
plane  until  the  fringes  were  of  the  same  width  in  both  portions  of 
the  field.  This  adjustment  is  possible  only  when  the  lack  of  par- 
allelism of  the  surfaces  of  the  two  squares  of  glass  is  nearly  the 
same,  a  condition  which  will  generally  be  fulfilled  if  they  are  ad- 
joining portions  of  the  same  plate.  The  glass  attached  to  the  slow- 
motion  device  was  then  set  normal  to  the  light,  i,  ^.,  in  the  position 
of  minimum  retardation,  and  the  central  fringe  of  the  white-light 
system  brought  to  a  fiducial  line  in  the  field.  The  glass  was  then 
turned  and  the  sodium  fringes  counted  until  any  desired  number 
had  crossed  the  field.     Following  the  notation  used  above  we  will 
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call  this  number  2N,  The  angle  /  through  which  the  glass 
turned  was  -measured  with  a  telescope  and  scale.  The  movable 
mirror  was  then  shifted  and  the  fringes  counted  until  the  central 
fringe  in  white  light  was  again  on  the  fiducial  line.  This  count  was 
larger  than  iN  by  a  number,  2N'  given  by  equation  (2).  That 
such  must  be  the  case  appears  from  the  following  considerations : 
If  we  call  the  central  white  light  fringe  at  the  start  that  of  order 
zero,  the  fringe  on  the  fiducial  line  after  the  glass  has  been  turned 
will  be  that  of  order  2N.  If  now  we  .move  the  mirror  till  2N 
fringes  have  crossed  the  field  in  the  opposite  direction  the  fringe  of 
order  zero  will  have  returned  to  its  former  position.  It  will,  how- 
ever, be  no  longer  the  center  of  the  white  light  system  because  of 
the  shift  of  that  system  due  to  dispersion.  As  this  shift  is  always 
in  such  a  direction  as  to  increase  the  apparent  retardation  we  shall 
accordingly  have  to  move  the  mirror  further  until  2N'  more  fringes 
have  crossed  the  field  before  the  new  central  fringe,  which  is  that  of 
order  —  2N\  coincides  with  the  fiducial  line. 

From  iV,  N'^  i,  and  the  thickness  of  the  glass  /,  we  can,  with  the 
help  of  equations  (i)  and  (2),  compute  the  index  and  the  dispersion 
constants  of  the  glass. 

Two  of  the  sources  of  possible  error  in  the  above  method  are 
worthy  of  special  consideration.  These  are  the  lack  of  parallel- 
ism of  the  surfaces  of  the  glass,  and  the  determination  of  the  angle 
through  which  the  glass  is  rotated. 

If  the  faces  of  the  glass  are  not  parallel  an  error  may  be  intro- 
duced owing  to  the  fact  that  as  it  is  rotated  the  thickness  introduced 
into  the  path  will  not  be  given  by  the  simple  relation  on  which 
equation  (i)  is  based,  and  will  be  different  in  different  parts  of  the 
field.  Such  a  condition  will  be  indicated  by  a  continual  change  in 
the  width  of  the  fringes  as  the  glass  is  rotated.  This  diflSculty  may 
be  entirely  eliminated  by  so  mounting  the  glass  that  the  line  of 
intersection  of  its  two  faces  shall  be  perpendicular  to  the  axis  of 
rotation.  In  the  case  of  glass  No.  2  measurements  on  which  are 
given  below  (a  fragment  of  a  microscope  slide)  the  general  irregu- 
larity of  the  thickness  was  such  that  the  fringes  were  very  much  dis- 
torted. However,  as  the  pattern  and  its  position  in  the  field  did 
not  alter  appreciably  during  a  shift  of  1 50  fringes  it  may  be  assumed 
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that  no  error  in  the  fringe  count  is  introduced.  Of  course  the  thick- 
ness must  be  measured  at  the  point  where  the  fringe  shift  is  ob- 
served. 

The  angle  to  be  measured  is  the  rotation  of  the  glass  about  an 
axis  in  its  own  plane.  If  the  actual  axis  is  not  vertical  (we  assume 
the  light  path  to  be  horizontal)  the  angle  determined  with  the  tele- 
scope and  scale  may  not  be  the  one  desired.  This  possibility  may 
be  guarded  against  by  setting  the  scale  parallel  to  the  glass  at  the 
start,  and  tilting  it  until  its  image  in  the  telescope  shows  no  vertical* 
displacement  as  the  glass  is  turned.  The  determination  of  the  scale 
distance  is  however  a  matter  of  some  difficulty,  and  it  is  in  this 
measurement  that  the  greatest  source  of  error  seems  to  lie.  In  the 
apparatus  used  by  the  writer  for  example  the  absolute  error  may 
well  have  amounted  to  a  half  millimeter  or  even  somewhat  more. 
This  might  be  bettered  by  having  the  axis  of  rotation  of  the  glass 
more  definitely  marked. 

To  illustrate  the  foregoing  some  determinations  of  the  index  and 
dispersion  constants  of  two  samples  of  glass  were  made.  No  i 
was  a  piece  of  plate  glass  and  No.  2  a  fragment  of  a  microscope 
slide.  In  each  case  the  constants  A  and  B  were  determined  from 
observations  on  sodium  fringes.  As  a  check  the  index  for  the 
mercury  and  for  the  hydrogen  line  was  computed  from  A  and  B, 
and  also  directly  determined  using  vacuum  tubes  as  the  light 
source.  The  thickness  of  the  glass  was  measured  with  micrometer 
calipers.  In  the  case  of  the  readings  on  No.  i  with  different  scale 
distances  the  glass  was  re-set  each  time  the  scale  was  moved.  The 
results  are  given  in  the  appended  Table. 

The  method  above  described  may  be  applied  with  satisfactory 
results  to  samples  of  glass  varying  in  thickness  from  1.5  mm.  up. 
By  using  polarized  light  and  properly  mounting  the  plate  under  test 
it  may  also  be  adapted  to  the  test  of  crystals  of  a  like  range  of  thick- 
ness. Another  method,  however,  suggests  itself  which  might  be 
more  conveniently  used  with  crystals,  and  which  is  adapted  to  use 
with  much  thinner  samples  of  the  material.  This  may  be  outlined 
as  follows : 

The  interferometer  is  adjusted  for  white-light  fringes,  and  the 
lamina  whose  index  is  to  be  determined  is  introduced  into  one  arm 
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Glass  No.  1,     ThUkness  =  8.741  mm.    A  =  1.5102,  B  =  50.5  X  10~»^ 


Source. 

Pint  Count 

9N. 

Second  Count 

Scale 
Diatance  Cm. 

Index 

Computed 

Prom  .4  and  B. 

Index 

Determined 

Prom  N. 

Na.  X  =  5896 

300.0 

55.39 

1.5254 

400.0 

55.39 

1.5247 

500.0 

55.39 

1.5243 

150.0 

75.42 

1.5254 

250.0 

75.42 

1.5258 

350.0 

75.42 

1.5256 

200.0 

68.79 

1.5240 

350.0 

68.79 

1.5249 

400.0 

69.95 

1.5244 

399.9 

414.1 

59.90 

1.5247 

Hg.  X=5461 

400.6 

59.90 

1.5271 

1.5270 

H.    A=6563 

400.7 

59.90 

1.5219 

1.5221 

Glass  No.  2.     Thickness  =  1.702  mm.     A  =  1.5033,  ^  =  51.0  X  lO-^**. 


Na.  A=5896 

110.1 

Hg.  X=5461 

118.0 

H.    X=6563 

100.0 

114.1 


60.03 

1.5180 

60.03 

1.5205 

1.5212 

60.03 

1.5152 

1.5156 

SO  that  it  covers  a  portion  of  the  field  and  is  normal  to  the  light. 
One  mirror  is  then  moved  till  the  white-light  fringes  return  to  their 
former  position  in  the  part  of  the  field  covered  by  the  lamina,  the 
fringes  of  sodium  light  which  meantime  cross  the  field  being 
counted. 

If  2iVj  =  number  of  fringes  counted, 

[JL^     =  index  of  substance  for  sodium  light, 

X^      =  wave-length  of  sodium  light, 

B     =  second  constant  of  Cauchy's  formula, 

/       =  thickness  of  lamina, 
we  have  the  relation 

If  we  repeat  this  using  light  of  wave-length  X^  {e.  g.^  green  mer- 
cury light)  we  shall  have 

If  now  we  attach  the  lamina  to  one  of  the  mirror  frames,  we  can 
obtain  white-light  fringes  by  reflection  from  either  of  its  surfaces. 
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If  we  count  the  number  of  sodium  fringes  2N^  which  cross  the 
field  as  we  pass  from  one  of  these  white-light  systems  to  the  other 
we  shall  have 

N^  must  be  corrected  for  the  half  wave-length  change  of  phase 
occurring  on  reflection  at  the  front  surface. 

From  these  three  equations  and  Cauchy's  formula  the  dispersion 
constants  may  be  readily  obtained. 

University  of  Missouri, 
September  ao,  1906. 
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THE  LUMINOUS  EQUIVALENT  OF  RADIATION. 
By  p.  G.  Nutting. 

nr^HE  visual  response  to  radiation  depends  upon  the  intensity  and 
-*  quality  of  the  radiation  and  the  time  during  which  it  is  oper- 
ative, as  well  as  upon  various  subjective  conditions.  Some  function 
of  energy  and  wave-length  is  therefore  necessary  in  order  to  trans- 
late radiation  into  light  or  visual  brightness,  that  is,  to  make  pos- 
sible a  purely  physical  definition  of  light.  The  construction  of  this 
and  subsidiary  functions  is  the  subject  of  this  discussion. 

The  problem  is  essentially  one  of  determining  the  properties  of 
the  eye  as  a  physical  instrument,  as  a  species  of  radiometer.  It  is 
necessary  to  relate  the  indications  of  this  instrument  to  the  quality 
and  intensity  of  the  incident  radiation,  in  order  to  translate  exciting 
stimulus  (radiation)  into  scale  reading  (light). 

The  same  amounts  of  radiation  in  watts  per  unit  wave-length  in 
different  parts  of  the  spectrum,  affect  the  eye  in  different  degrees. 
Hence,  other  things  being  equal,  the  sensibility  of  the  eye  is  a  func- 
tion of  the  wave-length,  say  F(^),  call  this  visibility  of  the  radia- 
tion. For  any  arbitrary  spectral  distribution  of  radiation  E{i)  then, 
the  product  -EFwill  give  a  third  function  of  wave-length,  say  Z(^), 
which  we  may  call  the  luminosity  or  optical  intensity  of  the  radia- 
tion. The  determination  of  the  visibility  function  V  {f)  is  the  first 
step  toward  the  solution  of  the  general  problem. 

Again,  the  sensibility  of  the  eye  varies  with  the  intensity  of  the 
incident  light.  In  range,  the  eye  is  comparable  with  an  ammeter 
capable  of  registering  millions  of  amperes  and  milliamperes  as  well. 
With  increase  of  intensity  the  sensibility  decreases  according  to 
some  function  S(L)  of  the  luminosity.  This  sensibility  function 
S(L)  may  be  derived  from  data  on  the  photometric  constant  and 
includes  Fechner's  law  as  a  special  case. 

Now  the  sensibility  of  any  instrument  at  any  particular  value  of 
the  exciting  stimulus  is  the  derivative  of  scale  reading  with  respect 
to  exciting  stimulus.     Hence,  once  S{L)  is  determined,  the  visual 
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brightness  function  B{J^  is  determined  by  the  general  integral  of 
SdL,  This  brightness  function  B{L)  or  B{E,  X)  is  the  one  ulti- 
mately desired. 

One  might  proceed  further  with  the  sensibility  of  the  eye  for  dif- 
ferences in  wave-length,  thus  dissecting  V(X)  into  three  .or  more 
components  V^{X),  ^j^^  ^(^)»  *  •  »  ^"*  ^^'^  ^^^  \\\At,  physical  sig- 
nificance except  in  determining  the  whiteness  of  light. 

The  surface  integral  of  the  spectral  integral  of  E{K)  is  evidently 
the  total  energy  emitted  by  a  source.  Similarly  the  same  integrals 
of  L(X)  is  the  total  light  emitted.  This  light  integral,  tempered  or 
not,  according  to  whiteness,  is  what  possesses  commercial  value  in 
illumination.  The  ratio  of  the  light  integral  to  the  energy  integral 
is  the  luminous  efficiency  of  a  source. 

The  Visibility  Function. 

The  visibility  function  gives  the  relative  sensibility  of  the.  eye  to 
radiation  of  different  wave-lengths.  It  is  by  definition  {L  =  EV) 
the  ratio  of  visual  intensity  L  to  energy  intensity  E,  It  may  be 
determined  {a)  by  taking  the  reciprocal  of  the  threshold  value  E^, 
or  {b)  from  the  luminosity,  determined  visually,  of  a  source  whose 
energy  curve  is  known.  The  identity  of  visibility  with  reciprocal 
threshold  value  will  appear  later  in  the  discussion  of  sensibility  as  a 
function  of  intensity,  and  is  abundantly  confirmed  by  experiment. 

Langley  ^  measured  the  least  energy  by  which  it  was  necessary 
to  illuminate  a  logarithm  table  to  make  it  legible.  A  Konig*  de- 
termined threshold  value  and  luminosity  at  both  high  and  low  in- 
tensity. Pflnger*  measured  threshold  value  with  a  thermopile.  In 
all,  about  fifty  sets  of  experimental  data  on  visibility  are  avail- 
able. All  show  a  pronounced  maximum  in  the  green,  a  rapid  fall- 
ing off  toward  blue  and  red  to  a  very  small  but  finite  value  in  the 
extreme  red  and  violet. 

The  position  of  the  maximum  of  visibility  at  low  intensity  varies 
somewhat  with  the  individual,  but  the  mean  of  the  forty  used  by 
the  writer*  is  at  510////.     The  maximum  lies  between  500  and  520 

'  S.  p.  Langley,  Energy  and  Vision,  Am.  Journ.  Sci.,  36,  359-380,  1888. 
'A.  Kdnig  and  C.  Dieterici,  Z.  Psy.  Phys.  d.  Sinnesorgane,  4,  241-348,  1893. 
*A.  Pflilger,  Ann.  d.  Physik,  9,  185-208,  1902. 

*  K  more  extended  treatment  of  this  subject  with  full  quotations  of  all  data  used  is  to 
appear  in  the  Bulletin  of  the  Bureau  of  Standards. 
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for  nine  out  of  every  ten  individuals.  Eleven  curves  from  the  best 
data  of  Langley  and  Konig  reduced  to  the  same  maximum  ordi- 
nate are  reproduced  in  Fig.  i.  All  but  two  of  the  remaining  curves 
would  have  fallen  within  this  same  galaxy  but  could  not  be  repro- 
duced without  crowding  the  figure. 

The  physical  problem  does  not  require  a  special  function  that 
will  closely  represent  each  individual  curve.  What  is  required  is  a 
single  general  function  of  the  simplest  possible  form  and  with  fixed 
mean  parameters  that  will  represent  the  properties  of  the  average 


Fig.  1. 

human  eye  as  closely  as  any  other  function  that  might  be  con- 
structed. Special  work  will  always  require  a  special  investigation 
of  the  properties  of  the  observers  eye  at  the  time  he  is  working. 
General  problems  of  illumination,  however,  require  the  specification 
of  the  properties  of  a  mean  average  standard  eye. 

From  the  observed  data  it  appears  that  the  mean  visibility  curve 
V{/)  is  very  nearly  if  not  quite  symmetrical  and  similar  to  the  proba- 
bility curve  in  form.  The  dotted  curves  in  the  figure  are  the 
plotted  values  of  the  probability  function. 

with  X^  =  5.10  s.-m.  (s  5  lO/i/i)  and  ^  =  n-,  4  and  5.     The  para- 
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meter  four  represents  the  mean  value  very  closely.  The  parameter 
n  would  have  the  advantage  of  giving  the  curve  unit  area  per  unit 
maximum  ordinate  but  is  obviously  too  small. 

The  sole  condition  thus  far  imposed  upon  the  parameters  Fj,  a 
and  l^  is  that  they  are  not  functions  of  wave-length.  V^  depends 
upon  the  unit  of  luminosity  chosen ;  a  decreases  and  l^  increases 
somewhat  with  increase  of  intensity.  The  values  given,  ^  =  4  and 
A^=5.i  s.-m.,  refer  to  very  low  intensities  approaching  the  thres- 
hold value.  The  mean  visibility  curve  for  low  intensities  is  prac- 
tically the  same  for  all  individuals,  being  sensibly  independent  in 
both  form  and  position  of  color  blindness,  partial  or  complete,  and 
of  the  absolute  sensibility  of  the  individual  eye. 

The  visibility  function  at  high  intensities  however,  varies  consider- 
ably in  cases  of  partial  color  blindness.  For  normal  eyes,  the  only 
data  is  that  of  Konig,  on  his  own  and  one  other  eye.  The  curves 
are  broader  than  those  at  low  intensity,  and  displaced  toward  the 
red.  The  visibilityjunction  given  fits  them  fairly  well  for  a  =  2  and 
/^  ss  5.6.  With  such  scant  data  however,  these  values  cannot  be 
regarded  as  established.  The  shift  of  the  maximum  with  intensity 
may  easily  be  demonstrated  by  means  of  a  small  grating  spectograph 
and  sunlight.  As  the  slit  is  opened  the  maximum  of  brightness  is 
seen  to  move  over  from  deep  green  toward  the  yellow. 

Another  method  of  obtaining  the  variation  of  a  and  X^  with  in- 
tensity suggests  itself.  Suppose  the  threshold  value  of  the  lumi- 
nosity L^  is  determined,  as  was  done  by  Konig  and  Brodhun,*  in  terms 
of  a  rather  large  light  unit,  say  one  meter-candle.  If  now  the 
visibility  function  V(X)  for  the  higher  intensity  were  identified  with 
that  F^(/)  at  low  intensity,  Lj^i)  would  be  constant.  In  any  case 

In  Fig.  2  are  shown  Konig's  values  of  L^,  the  visibility  curve 
V^  for  tf  =  4  and  ^^  =  5.1  together  with  the  curve  L  given  by  the 
product  VJ^^  at  each  wave  length.  The  curve  V  is  that  obtained 
by  Konig  from  luminosity  and  energy  at  high  intensity,  but  is  sub- 
ject to  a  large  and  uncertain  correction  for  the  spectral  energy  varia- 
tions. It  has  the  same  maximum  but  is  much  broader  than  the 
calculated  visibility  curve. 

1  K6nig  and  Brodhun,  Sitz.  Ak.  Berlin,  July  26,  1888. 
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Calculating  L^  as  the  ratio  V:  V^ 

a  curve  of  the  same  general  form  as  that  obtained  directly  from 
Konig's  data.  The  values  ^  =  2  and  ^^  =a  5.6  for  the  para- 
meters of  the  visibility  function  at  high  intensities  cannot  be  regarded 
as  established  on  the  scant  data  at  present  available,  much  less  can 


the  general  functions  a(^E)  and  ^^(£)  be  determined  as  would  be  re- 
quired for  a  complete  solution  of  the  general  problem. 

Visual  Brightness. 

The  eye  will  always  underestimate  actual  differences  in  intensity, 
other  things  being  equal,  on  account  of  the  decrease  in  sensibility 
with  increase  in  intensity.  But  since  the  magnitude  of  a  sensation 
can  be  estimated  only  with  the  roughest  approximation,  indirect 
methods  must  be  resorted  to  in  order  to  determine  the  brightness 
function  of  luminosity  B{L):  The  most  accurate  data  in  this  field 
is  that  relating  to  photometric  sensibility  and  to  persistence  of  vision- 
Photometric  sensibility  is  generally  given  as  the  ratio  of  the 
least  perceptible  increment  to  the  total  luminosity,  dL :  Z.  Call  this 
P{L).  Measured  in  terms  of  a  fixed  unit  of  luminosity  this  incre- 
ment would  be  LP,  But  sensibility  is,  properly  speaking,  the  in- 
verse of  this,  since  the  least  perceptible  increment  is  greater  as 
sensibility  is  less.  Sensibility  to  luminosity  is  then  proportional  to 
ijPL,  Now  the  sensibility  of  an  instrument  at  any  part  of  the 
scale  is  the  derivative  of  the  scale  reading  with  respect  to  the  stimu- 
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lus  measured,  so  that  S^  dB\  dL.     If  then  P  can  be  determined  as 
a  function  of  Z,  B  may  be  established. 

Konig  and  Brodhun's  data*  on  photometric  sensibility  is  ver>* 
complete  for  six  different  wave-lengths  and  intensities  ranging  from 
0.0 1  to  100,000  m.-c.  This  data  is  shown  graphically  in  Fig.  3, 
where  dL:  Lis  plotted  against  log  nat.  L,  The  dotted  ordinates 
represent  threshold  values  (L^)  of  the  luminosity.  Since  at  the 
threshold  value,  the  least  perceptible  light  is  the  whole,  dL  :  L  must 
there  approach  unity  in  value.     The  observed  curves  have  been 


z^^— 


Fig.  3. 


extrapolated  to  that  value.     At  high  intensities  all  the  curves  ap- 
proach the  same  minimum  constant  value 

P^  =  0.016. 

Had  the  threshold  value  L^  been  used  in  each  case  as  a  unit  of 
luminosity  instead  of  a  much  larger  common  unit,  all  curves  would 
be  shifted  to  a  common  dotted  ordinate  and,  execept  the  extreme 
red  curve,  would  become  congruent  to  far  within  the  error  of 
observation. 

This  form  of  curve  may  be  represented  by  the  simple  function 

where  x s  log  {L : Z^),  as  P^^  0.0016,  ^s  i  —  P^  =t=  0.984  and 

1  Kdnig  and  Brodhun,  1.  c. 


2o8  P^  G.  NU7TING,  [Vol.  XXIV. 

bc^  0.26  ±0.0 1  (read  from  a  large  plot)  when  x  is  in  natural 
logarithms.     This  would  give  for  P{L) 

Taking  Ss  i//>Z 

S • 

hence  B  =jsdL  =  ^-log  (i  +  PJ,D  -  L,% 

the  integration  constant  being  zero  since  visual  brightness  must  be 
zero  for  L^  L^at  the  threshold  value. 

This  gives  then  for  the  final  form  of  the  brightness  function 

or  at  moderate  and  large  intensities,  the  simple  form 

Had  we  chosen  a  different  variable  T  by  which  to  measure  the 
visual  sensation,  such  that  B:  B^s  log  T,  we  should  have  for 
moderate  and  large  intensities 

L  =  kT\ 

a  very  simple  and  suggestive  relation. 

T/te  Purkinje  Phenomenon  is  implied  in  several  of  the  relations 
given  above.  Mathematically  considered,  this  phenomenon  in- 
volves the  rate  of  change  of  luminosity  or  of  visual  brightness  with 
energy.  This  should  be  greater  for  red  and  yellow  than  for  blue  and 
green.  However  it  is  demonstrated,  the  phenomenon  rests  ulti- 
mately upon  the  variation,  f^^),  of  visibility  with  intensity.  If 
this  variation  did  not  exist  there  could  be  no  Purkinje  or  other 
allied  phenomenon. 

The  simplest  demonstration  is  given  by  the  ratio  of  two  lumi- 
nosities L  =  EVznd  Lq  =  -^o^*  ^^^  latter  of  which  is  very  small. 

Then 

L  _E  V, 

But  V:  Vq  is  always  greater  for  red  than  for  blue  and  green  light 
(see  Fig.  2)  since  the  parameter  a  decreases  and  ^^  increases  con- 
tinuously with  increase  in  E,     Hence  a  given  variation  in  E  will 
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produce  a  much  larger  variation  in  L  in  the  red  than  in  the  blue  or 
green,  judging  by  the  data  of  Fig.  2,  it  might  in  some  cases  be  50 
or  100  times  as  great.  Taking  instead  of  L :  Z^,  dL  :  dE  or  dB :  dE 
leads  after  substitution  to  the  same  result. 

Fechner's  Law,  —  Fechner's  law  states  that  to  produce  a  coli- 
stant  increment  to  a  sensation  requires  a  constant  percentage  incre- 
ment to  the  stimulus.  In  this  case  the  law  will  give  ^Z :  Z  =  const., 
where  <JZ  is  the  least  perceptible  luminous  increment.  For  mod- 
crate  and  high  intensities,  this  constant  is  about  0.016.  But  at  the 
threshold  of  vision,  evidently  the  least  perceptible  increment  is  the 
whole,  hence  <JZ :  Z  approaches  the  value  unity  and  Fechner's  law 
dL:L^  const,  cannot  hold  at  these  low  intensities. 

To  extend  Fechner's  law  to  cover  these  low  intensities  we  must 
consider  dL:  L^  P^  the  general  photometric  function  discussed 
above.  "  Hence,  if  the  function  P{L)  there  constructed  be  correct, 
the  complete  form  of  Fechner's  law  is 

dL 


=^«  + 


(-''■)(t)' 


which  is  the  simple  general  form 

5 


=  ^  -h  bL-\ 


The  Time  Function. 
Upon  visual  brightness  as  a  function,  B{t),  of  the  time  depend 
persistence  of  vision  and  other  allied  phenomena.    Since  data  in  this 
field  is  of  considerable  accuracy  and  obtained  with  the  simplest  ap- 


Fig.  4. 

paratus,  a  function  relating  brightness  to  a  time  is  of  great  interest. 
B{t)  we  know  to  be  of  the  general  form  shown  in  Fig.  4,  starting 
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at  zero,  increasing  rapidly  at  first  and  then  less  rapidly,  and  reach- 
ing a  constant  value  after  a  short  time. 

satisfies  these  conditions. 

If  now  the  eye  be  illuminated  by  light  passing  through  a  rotat- 
ing sectored  disk,  B(i)  will  be  cut  off  after  a  time  /j,  and  again 
renewed  after  a  further  interval  p^  and  so  on.  Let  B^  be  the  value 
attained  by  B{i)  after  a  period  /j,  and  B^  the  value  if  screened  for  a 
time  p^  after  having  attained  the  value  By  »  Then 

B^^B{\^  ^— »^) 

B^  =  iS/-- «^. 

If  the  speed  of  the  sector  be  varied  until  the  sensation  of  flicker 

just  vanishes,  obviously 

B,-^B,^PL 

the  photometric  constant  measured  as  an  absolute  increment  of 
luminosity.     But 

B^^B^^  B{i  -  e-^^){i  -  e-^) 

if  Oj/j  =  flj/g  »  ap,  that  is  if  the  segments  cut  from  the  disk  equal 
those  remaining  and  if  initial  rate  of  growth  equals  rate  of  decay  of 
visual  impressions.     Hence,  under  these  conditions 

PL^B{i  ^g^-py 

In  the  preceding  work  both  P  and  B  have  been  set  up  as  func- 
tions of  L  and  certain  constants.  Hence  if  L  is  a  constant  in  any 
variation  of  conditions  (say  wave  length)  the  critical  frequency,  /, 
must  be  constant  as  observed  by  Ferry.* 

Substituting  the  values  of  P  and  B  found  above 

^  ^        B      B,\og{i+P„{L'-L,')) 

a  form  rather  too  complex  to  be  useful  as  it  stands.  But  the 
quantity  in  parenthesis  is  small  ^o  that  its  expansion  in  power  series 
converges   very   rapidly.     Further,    the    right   hand    member   at 

*E.  S.  Ferry,  Am.  J.  Sc,  44,  192-207,  1892. 
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moderate  and  high  intensities  is  approximately  proportional  to 
Z/(log  L  +  a),  hence 

log  Z  -f  ^ 
is  an  approximate  form  of  the  above. 

Luminous  Efficiency. 

It  is  the  spectral  integral  of  luminosity  L  to  which  the  illuminat- 
ing power  and  hence  the  commercial  value  of  radiation  is  propor- 
tional. It  may  be  well  here  to  summarize  the  relations  subsisting 
between  these  quantities  and  luminous  efficiency. 

Suppose  the  spectral  energy  E(X)  of  the  radiation  be  given  in 
watts  per  s.-m.  per  unit  solid  angle  w.  From  this  suppose  the 
spectal  luminosity  L(k)  derived  in  arbitrary  units  (say  lumens)  per 
s.-m.  per  unit  solid  angle  by  means  of  the  subsidiary  visibility  func- 
tion V{X).     Then 

Specific  Emission        =   I    EdX  in  watts  per  unit  solid  angle. 

Total  Emission  =   I  ^a>  I    £dX  in  watts. 

Specific  Illumination  =   I    Ldk  in  lumens  per  unit  solid  angle. 

Total  Illumination      =  j  d(o  j    LdX  in  lumens. 

^^  .  total  illumination 

Lununous  Efficiency  =    ^  ^  . ; — ; =  etc.,  lumens  per  watt. 

'         total  egiission  ^ 

Since  the  space  distribution  of  radiation  and  illumination  must  be 
identical,  the  space  integrals  may  be  dropped  in  calculating  effici- 
ency.    And  since  L^  EV. 

£EVdl 


Luminous  efficiency  = 


r^^ 


the  numerical  value  of  which  therefore  depends  upon  the  unit  V^  of 
visibility  adopted  in  F=  f^^-«(^-^)*  for  I  =  A^.  This  is  the  value 
assigned  to  the  luminosity  when  the  radiation  is  one  watt  per  unit 
wave-length  at  ^  sA^. 
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Luminosity  and  Temperature,  —  If  the  spectral  energy  EJ^i)  is 
known  in  functional  form,  say  the  Wien  function,  taking  V[X)  as 
derived  gives  the  luminosity  Z(A)  in  terms  of  wave-length  and  certain 
parameters  including  temperature.  The  total  luminosity  then,  which 
is  the  definite  integral  of  Ldk^  is  in  the  form  of  a  function  of  these 
parameters.     Unfortunately  the  Wien  function  itself  leads  to  a  form 

which  is  very  difficult  or  impossible  to  integrate.  Once  the  integral 
of  LdX  is  obtained,  visual  brightness  follows  as  a  linear  function  of 
the  logarithm  of  this  integral. 

Quality  of  Illumination,  —  Light  is  "  white "  when  {a)  E{X)  =a 
constant  and  (J?)  light  of  three  or  more  colors  is  combined  in  cer- 
tain proportions.  According  to  the  most  widely  accepted  theories 
of  color  vision,  the  visibility  curve  V{))  is  a  composite  of  three  ele- 
mentary visibility  curves  such  that 

V=  V,+  V,+  V,. 

These  elementary  curves  appear  to  be  indeterminate  at  present 
chiefly  because  there  are  more  variables  to  be  determined  than 
equations  to  determine  them.  By  assuming  them  of  equal  area 
(Konig  and  Dieterici)  or  equal  maximum  ordinate  or  of  exactly  the 
same  form  they  may  be  deduced  by  means  of  the  observed  sensi- 
bility of  the  eye  to  slight  color  differences.  Assuming  them  to  be 
known,  and  taking  Zj  =  EV^^  etc.,  evidently  the  criterion  for  white 
light  is  that 

jL^dX  ifL^X  :jL^dX^J  V,dX:J  V^dX:J  V^dX, 

whatever  the  form  of  the  spectral  energy  curve  E{X), 

Summary. 
I.  Radiation  £(A)  may  be  translated  into  light  Z(^)  by  means  of 
the  relation  L^  EV  where   V(X)  is  the  visibility  function  of  the 
simple  form 

The  parameter  V^  is  arbitrary  while  for  low  intensities  ^  =  4  and 
^^  =  5.1  s.-m.  a  decreases  and  X^  increases  steadily  with  increasing 
intensity,  reaching  the  values  ^  =  2  and  X^  =»  5.6  at  an  intensity  of 
about  100  m.  c. 
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2.  The  least  perceptible  percentage  differences  in  luminosity  to 
which  the  eye  is  susceptible  is  closely  represented  by  the  function 

I\L)^P^  +  {i-P:i{L,:L)% 

where  P^  =r  0.016  and  c  ^  0.26  and  L^  is  the  threshold  value  of 
the  luminosity.  P^  and  c  are  nearly  if  not  quite  independent  of 
the  individual  and  of  the  color. 

3.  Fechner's  law  ^Z- :  i  =  constant,  holding  for  moderate  and 
high  intensities,  may  be  extended  to  cover  low  intensities  as  well 
if  written  in  the  form 

4.  Visual  brightness  or  apparent  luminosity  appears  to  be  a 
function  of  the  form  ^ 

B  =  B^log.(i+P^{L'-L,')). 

No  attempt  has  been  made  to  derive  these  functions  analytically 
from  physiological  data,  such  attempts  would  but  obscure  the  points 
at  issue.  And  as  the  methods  of  synthetic  function  theory  are  as 
yet  largely  those  of  cut-and-try,  the  functions  here  obtained  are 
little  more  than  tentative  at  best.  Still  they  are  vastly  more  than 
empirical  formulae  and  of  more  value  than  any  equations  derived 
from  largely  hypothetical  physiological  data. 

My  object  has  been  not  so  much  to  arrive  at  the  final  form  of 
these  functions  as  to  show  the  essential  relations  between  them. 
When  better  data,  covering  a  wider  range  and  more  individuals  has 
been  obtained,  the  fundamental  functions  and  their  parameters  may 
be  more  firmly  established. 
Bureau  of  Standards, 
Washington,  D.  C, 
November,  1906. 
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STANDARD  CELLS. 
By  K.  E.  GuTHE  and  C.  L.  von  Ende. 

I.  According  to  recent  investigations  electrolytically  prepared 
mercurous  sulfate  seems  to  be  superior  to  chemically  prepared  sul- 
fate as  the  depolarizer  in  standard  cells  ^  and  the  first  results  of  a 
series  of  observations  on  cadmium  cells  ^  containing  this  substance 
showed  for  a  period  covering  several  months  a  remarkable  agree- 
ment of  their  electromotive  forces.  For  this  reason  one  of  the 
authors  made  use  of  Clark  and  cadmium  cells  with  electrolytic 
mercurous  sulfate  for  the  determination  of  the  electromotive  forces 
of  standard  cells  by  absolute  measurement.* 

These  cells  have  been  transported  from  Washington  to  Iowa  City, 
being  carefully  protected  against  mechanical  disturbances.  During 
the  past  winter  they  stood,  however,  for  some  weeks  in  diffused 
light  and  were  exposed  for  a  few  days  to  large  temperature  varia- 
tions. A  comparison  of  the  cells  after  this  time  showed  that  the 
electromotive  force  of  the  cadmium  cells  had  decreased  relatively 
with  respect  to  that  of  the  Clark  cells,  but  accurate  measurements 
could  not  be  made  at  that  time  on  account  of  lack  of  sufficiently 
sensitive  instruments.  The  comparisons  reported  on  in  this  paper 
were  made  with  a  calibrated  Wolff  potentiometer  and  a  galvanometer 
allowing  with  certainty  a  reading  to  the  fifth  decimal  place. 

The  cells  were  placed  in  a  thermostat  whose  temperature  could  be 
kept  constant  at  25®  C.  within  0.02  degrees.  The  temperature  was 
measured  by  means  of  a  thermometer  subdivided  into  fiftieths  of  a 
degree  and  calibrated  at  the  Bureau  of  Standards.  Table  L  shows 
the  relative  change  of  the  electromotive  forces  of  the  cells  in  the 
interval  of  a  year.  The  R  series  are  Clark  cells  with  electrolytic 
mercurous  sulfate,  C3  and  K^^^  cadmium  cells  with  chemically  pre- 

^  Wolff,  Trans.  Amer.  Electroch.  Soc.,  5,  49,  1904.  Carhart  and  Hulett,  ibid.,  5,  59, 
1904.  Hulett,  Zcitschr.  f.  physik,  Chem.,  49,  483,  1904;  Phys.  Rev.,  22,  321,  1906. 
Compare  also  :  Reichsanstaldt,  Zeitscbr.  f.  Instr.  kunde,  26,  120,  1906. 

'Carhart,  Trans.  Intemat.  Electr.  Conger.  St.  Louis,  vol.  2,  125,  1904. 

'Guthe,  Bull.  Bur.  Standards,  vol.  2,  33,  1906. 
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pared  sulfate  and  the  rest  cadmium  cells  with  the  electrolytic  ma- 
terial. More  detailed  information  as  to  the  construction  of  these 
cells  may  be  found  in  the  Bulletin  of  the  Bureau  of  Standards,  vol. 
2,  p.  60.  Some  of  the  cells  have  been  set  up  by  Professor  Carhart, 
some  by  Professor  Hulett.  As  reference  value  in  the  following 
table  the  electromotive  force  of  the  Clark  cell  as  determined  by  ab- 
solute measurement  was  chosen,  namely,  1.42040  volts  at  25°  C. 

Table  I. 
Old  ails. 


R* 
o, 


stniction. 

May  1904. 

Nov.  1903. 
Jan.  1904. 

Feb.  1904. 
July  1904 

Feb.  1905. 


September  17, 

October  15, 

November  98, 

January  xa. 

X905. 

X906. 

X906. 

X907. 

1.42040 

1.42040 

1.42040 

1.42040 

40 

40 

40 

41 

1.01857 

1.01842 

1.01844 

1.01842 

31 

04 

01 

1789 

27 

19 

22 

1822 

28 

08 

07 

1799 

33 

24 

25 

1826 

33 

11 

12 

02 

33 

23 

23 

24 

33 

19 

22 

21 

The  change  in  most  of  the  cadmium  cells  amounts  to  about 
0.000 1  volt.  Since  the  potentiometer  was  carefully  calibrated  and 
the  thermometer  correction  known,  this  change  is  larger  than  the 
possible  error  in  the  apparatus.  The  relative  values  of  Fg,  K^  Oj 
and  Oj  have  remained  about  the  same  as  last  year,  but  for  the  others 
the  decrease  has  been  larger  and  quite  irregular. 

2.  To  decide  the  question  if  a  change  had  taken  place  in  the  Clark 
cells  chosen  as  reference  standards  it  became  necessary  to  construct 
new  standard  cells.  At  the  same  time  we  wished  to  ascertain  how 
closely  such  cells  would  agree  in  electromotive  force  if  constructed 
by  different  observers  and  with  material  from  different  sources.  No 
such  comparative  investigation  has  yet  been  published  so  far  as  we 
know. 

Professor  Hulett  kindly  sent  iis  some  of  his  electrolytic  mercur- 
ous  sulphate  and  we  prepared  two  different  lots  following  closely  the 
method  published  by  him.  We  shall  designate  these  two  as  lot  i 
and  2  respectively.     The  sulfate  was  made  from  pure  mercury  in  an 
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add  prepared  by  mixing  one  part  of  concentrated  sulfuric  acid  of 
specific  gravity  1.84  with  six  times  its  volume  of  distilled  water. 
The  current  density  was  between  two  and  three  amperes  per  100 
square  centimeters.  The  first  lot  consisted  of  very  fine  crystals ; 
the  second  was  stirred  longer  after  the  breaking  of  the  current  and 
was  therefore  coarser. 

The  sulfate  was  filtered  in  a  Gooch  crucible  and  after  the  add  had 
been  thoroughly  drained  off,  was  washed  repeatedly  with  alcohol 
and  saturated  zinc  or  cadmium  sulfate  solution.  We  found  it  neces- 
sary to  be  very  careful  in  washing,  espedally  with  the  finest  crys- 
tals. After  the  last  washing  with  the  salt  solution  the  top  layer 
was  removed  and  the  paste  prepared  in  the  usual  manner. 

The  mercury  was  either  distilled  by  Hulett's  method*  or  distilled 
twice  in  vacuo  in  an  ordinary  mercury  still. 

The  zinc  amalgam  was  prepared  in  the  usual  way  by  dissolving 
zinc  in  mercury.  In  some  of  the  cadmium  cells  we  used  an  amal- 
gam prepared  electrolytically. 

Clark  Cells. 

3.  Two  series  were  set  up,  the  a  and  b  series.  In  the  a  series 
the  zink  amalgam  contained  9  per  cent,  of  zinc.  Our  mercurous 
sulfate  No.  i  was  used  in  the  a  series.  Ill  the  b  series  the  amalgam 
contained  10  per  cent,  of  zinc,  and  Hulett's  mercurous  sulfate  was 
used.  Mercury  distilled  by  Hulett's  method  was  used  in  cells  a^, 
aj,  bj  and  b^,  the  other  mercury  in  aj  and  bg.  The  zinc  sulfate  crys- 
tals were  recrystallized  from  a  neutralized  solution  of  Schuchardt's 
c.  p.  sulfate  and  the  solution  in  the  cells  made  from  these  crystals. 

In  table  II,  the  electromotive  forces  as  determined  on  different 
days  are  tabulated.  The  values  for  the  cells  with  the  very  fine 
mercurous  sulfate  were  at  first  somewhat  low,  but  increased  rather 
suddenly  between  the  ninth  and  fourteenth  day,  then  slower  until 
they  reach  a  value  a  little  higher,  but  still  agreeing  well  with  that 
of  the  old  Clark  cells.  The  b  cells,  the  mercurous  sulfate  of  which  * 
had  not  been  as  difficult  to  wash,  had  immediately  after  construc- 
tion a  value  agreeing  within  0.00003  volt  with  that  of  the  old  cells 
and  remained  constant  ever  since. 

*  Hulett  and  Minchin,  Phys.  Rev.,  21,  388,  1905. 
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The  great  difference  in  the  size  of  the  mercurous  sulfate  crystals 
had  apparently  no  great  influence  upon  the  final  value  of  the  elec- 
tromotive force  ;  the  two  different  samples  of  mercury  behaved  clec- 
trolytically  exactly  alike. 

Table  II. 

Clark  Cells. 


Date  of 

Oct.  X4, 

Oct.  ao, 

Oct.a6, 

Nor.  6, 

Nov.  ao, 

Construction. 

1906. 

1906. 

1906. 

X906. 

1906. 

*! 

1.42025 

1.42029 

1.42037 

1.42041 

1.42043 

*« 

Oct.  13,  1906               — 

— 

— 

40 

43 

*8 

24 

30 

38 

42 

43 

\ 

38 

39 

38 

38 

w 

Oct.  19,  1906 

37 

40 

39 

38 

b. 

37 

39 

38 

38 

Date  of  Construction.    |     Dec.  5«  1906. 

Dec.  14,  1906. 

Jsn.  19. 1907. 

*! 

1.42044 

1.42045 

1.42045 

«t 

Oct.  13,  1906 

44 

45 

45 

^                 i 

45 

44       1              45 

\                ' 

38 

38 

— 

b,           1         Oct.  19,  1906 

38 

38 

38 

^       ! 

37 

38 

38 

We  also  prepared  some  cells  in  which  the  directions  were  not 
followed  very  closely.  In  a^,  a^,  and  a^  the  mercurous  sulfate 
(Hulett's)  was  not  thoroughly  freed  from  alcohol  which  produced  a 
lowering  of  the  electromotive  force  by  over  0.00040  volt  without  an 
appreciable  change  in  course  of  time.  Cells  b^  and  b^  were  prepared 
with  our  mercurous  sulfate  No.  1,  thoroughly  washed  but  it  was 
mixed  with  about  the  same  bulk  of  zinc  sulfate  crystals  and  the 
paste  made  very  thin.  These  cells  had  from  the  start  an  electro- 
motive force  0.00015  volt  higher  than  the  normal  value  and 
remained  perfectly  constant. 

It  is  apparent  that  the  treatment  of  the  mercurous  sulfate  plays  a 
much  more  important  role  than  the  sulfate  in  itself  a„  aj  and  a, 
as  well  as  b^  and  b^  were  made  with  our  sulfate,  but  the  former 
cells  show  quite  a  different  behavior  from  that  of  the  latter ;  the  same 
is  true  of  the  cells  in  which  Hulett's  sulfate  was  used. 

After  a  few  weeks  aj  a^  and  a^  as  well  as  b^  and  b^  were  placed 
for  three  hours  on  a  circuit  of  1,000  ohms  external  resistance  Nov. 
4  and  Nov.  23  respectively.     It  was  hoped  that,  if  free  iacid   had 
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Table  III. 

Clark  ails. 

Date  of 

Oct.  14, 

Oct.  z8, 

Oct. 

ao. 

!    Oct.  s6,        Nov.  6, 

Construction. 

1906. 

1906. 

1906. 

X906. 

1906. 

84 

L41968 

1.41992 

1.41992 

!    1.41994 

1.41982 

^d 

Oct  13,  1906 

80 

1.42004 

1.42003 

99 

80 

as 

87  '           06 

05 

i    1.42005 

93 

Oct.  19,  1906 

1.42 
06.      Dec.  5. 1906. 

056 
56 
I 

1 

1.42057 
57 

1.42056 
56 

Date  of 
Construction. 

Nov.  33,  ig 

>cc.a4, 
X906. 

Jsn.  19. 
X907. 

^4 

1.41980            1.41981 

.41980 

1.41980 

H 

Oct.  13.  1906 

80 

81 

81 

80 

as 

91 

91 

91 

91 

^4 

b6 

Oct.  19,  1906 

1.42053           1.42054 

53      i              54 

1.42055 
54 

1.42054 
54 

been  present,  this  treatment  would  change  the  electromotive  force. 
After  opening  the  circuit  the  electromotive  force  had  dropped  about 
0.00040  volt,  but  it  returned  in  about  two  hours  to  about  its  origi- 
nal value  and  remained  constant  after  that. 

Cadmium  Cells. 

4.  The  cadmium  sulfate  crystals  were  obtained  from  three  differ- 
ent solutions  ;  of  these  A  was  made  from  Merck's  pure  cadmium 
sulfate,  B  from  Baker's  c.  p.  material,  and  C  from  mixed  turbid 
crystals  picked  out  from  either  A  or  B.  In  the  c  series  lot  2  of 
our  electrolytic  mercurous  sulfate  washed  with  alcohol  and  satu- 
rated cadmium  sulfate  solution  (made  from  selected  clear  crystals) 
was  used.  The  amalgam  contained  12.5  per  cent,  cadmium  and 
was  made  by  dissolving  Kahlbaum's  cadmium  (kauff*lich)  in  warm 
mercury. 

Since  it  is  rather  troublesome  to  obtain  a  sufficient  number  of 
perfectly  clear  crystals  from  a  small  bulk  of  cadmium  sulfate  solu- 
tion, we  used  also  somewhat  turbid  crystals.  The  crystals  in  c^ 
were  selected  large  clear  crystals  from  solution  C,  in  c^  small  se- 
lected, somewhat  turbid  crystals  from  solution  B,  and  in  c^  large 
selected  crystals  somewhat  cloudy,  from  A  and  C, 

In  the  d  series  Hulett's  mercurous  sulfate  was  used,  treated  the 
same  way  as  ours  in  the  c  series.     In  d^  and  d^  selected  clear  crys- 
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tals  were  used  from  solution  C,  in  d^  and  d^  small  crystals  which 
had  been  formed  at  the  bottom  of  the  crystallizing  dish  from  solu- 
tion A  and  which  were  washed  a  few  times  with  distilled  water,  after 
the  mother  liquor  had  been  filtered  off.  No  attempt  was  made  to 
select  the  crystals  for  these  cells.  The  solution  in  the  cells  was 
always  made  from  the  crystals  used  in  filling,  d^  and  d^  contain 
the  same  amalgam  as  the  c  cells,  d^  and  d^  electrolytically  prepared 
amalgam. 

Table  IV.  shows  that  the  cadmium  cells  c  gave  at  first  a  value  for 
the  electromotive  force  of  nearly  i.oi 840  volt,  which  dropped,  how- 
ever, within  a  few  days  by  about  0.000 1  volt,  and  remained  fairly 
constant  after  that.  The  drop  in  the  d  cells  is,  however,  consider- 
ably larger  than  in  the  c  cells,  and  especially  pronounced  in  d^  and 
d^.  The  different  methods  of  preparing  the  amalgam  does  not  seem 
to  have  an  effect  upon  the  electromotive  force.* 

Table  IV. 

Cadmium  Cells, 


Date  of 
Construction. 

Nov.  3, 
X906. 

Nov.  6, 
X906.* 

Nov.  xo, 
X906. 

Nov.  xa, 
X906. 

N0V.X7, 
X906. 

Cl 

1.01840 

1.01838 

1.01836 

1.01835 

1.01835 

c. 

Nov.  2,  1906 

38 

36 

35 

34 

35 

H 

39 

37 

36 

33 

33 

di 

1.01842 

1.01840 

1.01834 

<>3 

Nov.  9,  1906 

42 
46 

42 
40 

37 
28 

d* 

47 

45 

35 

Date  of 
Construction. 

Nov.  as, 
X906. 

Nov.  a8, 
X906. 

Dec.  5, 
X906. 

Dec.  13, 
1906. 

Jan.  19, 
X907. 

Cl 

1.01834 

1.01833 

1.01831 

1.01829 

c» 

Nov.  2,  1906 

35 

34 

32 

30 

1.01829 

Cj 

32 

32 

31 

28 

28 

di 

1.01827 

1.01823 

1.01815 

1.01811 

1.01805 

Nov.  9.  1906 

33 
19 

1           31 
14 

24 
10 

19 
06 

13 
03 

\ 

24 

i            ^^ 

11 

07 

02 

'  Towards  the  end  of  December,  1906,  we  exchanged  Clark  cell  b^  and  cadmium  cell 
r,  for  a  Clark  and  cadmium  cell  constructed  by  Dr.  Wolff  at  the  Bureau  of  Standards. 
Wolff's  Clark  cell  has  an  electromotive  force  0.00006  volt,  lower,  and  his  cadmium  cell 
an  electromotive  force  0.00003  ^^^^*  lower  than  ours  of  the  same  type.  Dr.  Wolff  writes 
that  he  has  found  practically  the  same  difference  in  his  comparisons  at  the  Bureau  which 
shows  that  the  cells  have  not  been  affected  by  transportation. 
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5.  In  a  general  way  this  investigation  corroborates  Hulett's  re- 
cently published  results/  that  Clark  cells  containing  electrolytic 
mercurous  sulfate  when  set  up  with  proper  precautions  will  have  an 
electromotive  force  of  1.42040  volts  at  25®  C.  within  a  few  one- 
hundred  thousandths  of  a  volt  and  remain  constant  in  course  of 
time.  The  cadmium  cells  show  immediately  after  the  setting  up  of 
an  electromotive  force  of  1.0184  volts,  closely  agreeing  with  the 
value  given  by  Hulett. 

There  is,  however,  one  notable  difference.  Hulett's  A  cells,  set 
up  October  21,  1905,  have  an  electromotive  force  of  1.01843  volts 
and  have  kept  this  value  for  at  least  six  months,  later  results  not 
having  been  published.  His  old  cells  {F  series)  are  now  about 
0.000 1 1  volt  lower.  Hulett,  therefore,  drew  the  conclusion  that  in 
the  course  of  time  the  electromotive  force  slowly  decreases  and  de- 
scribed a  number  of  very  interesting  experiments  which  seem  to 
show  that  the  system  in  the  cathode  leg  of  the  cells  is  not  in  equi- 
librium. But  the  -F  cells,  though  originally  of  the  same  high  value, 
decreased  to  their  present  low  value  within  a  week,  and  have  re- 
mained, with  one  exception,  constant  since  th«n.  A  similar  rapid 
decrease  is  noticeable  in  the  /  and  K  cells  on  which  Professor  Car- 
hart*  has  reported.  Hulett  explains  this  difference  in  behavior  by 
a  difference  in  the  depth  of  the  paste.  We  have  made  the  paste  in 
the  cells  over  two  centimeters  deep,  but  nevertheless  the  initial  de- 
crease is  rapid.  This  difference  in  the  behavior  of  Hulett's  and  our 
cells  can  hardly  be  due  to  the  mercurous  sulfate  and  we  are  at  a 
loss  to  explain  it  unless  it  is  to  be  found  in  the  unstable  equilibrium 
between  the  cadmium  sulfate  solution  and  the  rest  of  the  material  at 
the  cathode  or  in  a  difference  in  the  method  of  construction  of  which 
we  are  not  aware.  Our  results  do  not  extend  over  a  sufficiently 
long  period  to  decide  the  question  whether  or  not  there  will  be  a 
continuous  slow  decrease  of  the  electromotive  force  in  course  of 
time. 

After  the  satisfactory  results  obtained  with  the  Clark  cells  the 
apparent  difficulty  for  different  observers  to  set  up  cadmium  cells, 
which  remains  constant  from  the  start  and  are  practically  identical 

>  Hulett,  Phys.  Rev.,  23,  166,  1906. 
2  Carhart,  1.  c. 
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in  their  electrical  behavior,  seems  to  indicate  that  there  is  still 
some  factor  of  uncertainty  in  the  method  of  construction  for  the 
latter  and  this  demands  further  investigation. 

The  large  changes  in  the  electromotive  forces  of  the  old  cadmium 
cells  mentioned  above,  are,  possibly,  not  due  to  a  continuous 
gradual  decrease  in  course  of  time  but  to  sudden  changes  brought 
about  by  the  severe  treatment  to  which  they  were  subjected.  It'is 
however  very  gratifying  to  know  that  the  causes  for  such  changes 
have  had  no  influence  whatever  upon  the  electromotive  force  of  the 
Clark  cells,  since  the  latter  agree  so  closely  with  the  newly  prepared 
cells. 

Conclusions. 

1.  The  electromotive  forces  of  standard  cells  set  up  with  electro- 
lytic mercurous  sulfate  by  different  observers  and  from  different 
sources  agree  under  otherwise  perfectly  equal  conditions  within  a 
few  one  hundred-thousands  of  a  volt 

2.  Mercury  twice  distilled  in  an  ordinary  vacuum  still  gives  the 
same  results  as  mercury  distilled  by  Hulett's  method. 

3..  Amalgam  prepared  in  the  usual  way  gives  the  same  results  as 
electrolytic  amalgam. 

4.  Clear  and  cloudy  cadmium  sulfate  crystals  produce  no  differ- 
ence in  the  electromotive  force  of  the  cadmium  cells. 

5.  Clark  cells  with  electrolytic,  coarsely  grained  mercurous  sul- 
Cate  have  immediately  after  construction  an  electromotive  force  of 
1.4204  volts  at  25°  C.  within  a  few  one  hundred-thousandths  of  a 
volt  and  remain  constant  in  course  of  time. 

6.  We  have  been  unable  to  construct  cadmium  cells  which  do 
not  show  an  identical  decrease  in  electromotive  force. 

The  State  University  of  Iowa, 
Iowa  City,  January,  1907. 
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AN  OPTICAL  DEVICE   FOR   DEFLECTION 
INSTRUMENTS. 

By  Edwin  F.  Northrup. 

"  I  ^HE  system  of  a  suspended  instrument,  as  a  galvanometer, 
^  when  subjected  to  vibrations  will  have  a  motion  that  is  com- 
pounded of  a  rotation  about  a  vertical  axis  and  a  rotation  about  a 
horizontal  axis.  If  the  system  is  held  between  an  upper  and  a 
lower  filament  that  are  under  tension,  the  horizontal  component  of 
the  vibratory  motion  may  be  practically  eliminated  by  accurately 
balancing  the  system  about  the  line  of  the  suspension.  Sudden 
horizontal  movements  will  then  have  little  or  no  tendency  to  pro- 
duce rotations. 

Furthermore,  in  d'Arsonval  galvanometers  the  electromagnetic 
damping  forces  quickly  reduce  to  rest  a  system  started  into  oscilla- 
tion about  a  vertical  axis.  Oscillations  of  the  system  about  a  hori- 
zontal axis  are  not  damped  out  by  electromagnetic  forces  and  are 
more  difficult  to  eliminate  by  balancing  or  weighing  the  system. 
The  vertical  movements  of  the  image  of  the  scale  seen  in  a  tele- 
scope blurr  the  image,  and  often  are  so  bad  as  to  make  it  impos- 
sible to  read  the  scale.  To  use  suspended  instruments  in  places 
subject  to  considerable  vibration,  the  Julius  suspension  is  success- 
fully employed,  but  this  apparatus  is  both  costly  and  cumbersome. 

I  give  here  an  optical  device  which  I  have  devised  and  employed 
that  entirely  eliminates  the  vertical  component  of  the  movement  of 
the  image  of  the  scale.  This  device  used  in  conjunction  with  a 
well-balanced  system  enables  the  scale  to  be  easily  read  when  the 
system  itself  is  in  violent  vibration  about  a  horizontal  axis. 

The  device  is  clearly  explained  by  reference  to  the  diagram. 
Here  5  is  a  side  elevation  of  a  D'Arsonval  coil  fitted  with  two 
mirrors,  their  faces  making  an  angle  of  90  degrees  with  each  other. 
^  is  a  front  elevation  of  the  same. 

The  course  of  the  ray  from  scale  to  mirrors  and  thence  to  tele- 
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scope  is  shown  in  dotted  line.  It  is  easily  seen  that  rotation  of  the 
ninety-degree-mirror  system  about  a  horizontal  axis  does  not 
change  the  direction  of  the  light  ray  from  scale  to  telescope.  Fur- 
thermore, if  the  scale  and  telescope  are  vertically  raised  or  lowered 
together  in  an  arc  of  which  the  mirror  is  the  center  the  image  of 
the  scale  continues  visible  in  the  telescope.  It  is  therefore  very 
easy  "to  find  the  scale"  as  the  necessity  for   the  up  and  down 


IdeaU. 


Fig.   1. 

adjustment  of  telescope  and  scale  when  made  to  move  together  is 
dispensed  with. 

The  loss  of  light  by  the  'double  reflection  is  not  noticeable  and 
the  double  mirror  system  operates  for  deflections  about  a  vertical 
stxis  in  all  respects  like  a  single  plane  mirror. 

If  it  is  required  to  cast  a  spot  of  light  on  a  scale  this  may  be 
effected  by  placing  a  plano-convex  lens  of  suitable  focal  length,  in 
front  of  the  mirror  system. 
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THEORY   OF  THE   ELECTRODELESS   RING-DIS- 
CHARGE. 

A  Correction. 
By  Bergen  Davis. 


PROFESSOR  R.  W^ACHSMUTH,  of  Berlin,  has  kindly  written  me 
a  letter  pointing  out  a  lack  of  clearness  and  an  error  in  a  paper 
with  the  above  title  published  in  the  Physical  Review,  March,  1905. 

The  method  there  developed  of  finding  the  electrical  intensity  at  a 
point  within  a  flat  spiral  coil  carrying  a  varying  current  is  not  free  from 
criticism,  and  I  take  this  occasion  to  give  a  more  complete  and  simpler 
solution  of  the  problem. 

The  final  value  of  the  electrical  intensity  found  by  the  corrected 

method  does  not  differ  materially 
from  the  value  previously  found, 
and  hence  does  not  affect  the 
constants  of  the  discharge  as 
calculated  by  means  of  the 
theory. 

The  problem  is  to  find  the 
electrical  intensity  X  acting  at 
the  inner  wall  of  the  vessel  AQ 
when  an  oscillating  current  y 
flows  through  the  coil  C 

The  coil  consisted  of  six  turns 
of  wire  wound  in  a  flat  spiral. 
It  was  connected  to  the  outer 
coatings  of  two  Leyden  jars,  the 
inner  coatings  of  which  were 
connected  to  a  static  machine 
and  a  spark  gap. 
On  the  passage  of  a  spark  a  current  flowed  through  the  coil,  which 
may  be  represented  by 

CP      .         / 

r  «     ^ sin  — = 

if  the  damping  is  neglected. 

C  is  the  capacity  of  the  Leyden  jars,  L  the  self-induction  of  the  s}rstem 
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and  F  is  the  potential  to  which  the  jars  were  charged  at  the  instant  of 
the  passage  of  the  spark. 
The  mean  radii  of  the  separate  turns  of  the  coil  were : 


^.=  9-3  cm. 

Ji^  =  8.58  cm. 

iP.  =  9 

^s=8-34 

^,=  8.82 

.ff,  =  8. 1 

The  inner  radius  of  the  vessel  was  r  =  6.4  cm. 

It  is  desired  to  find  the  electrical  intensity  X  acting  along  the  inner 
wall  of  the  vessel  AQ. 

At  any  point  within  the  coil 

Curl^--^.  (I) 

Where  E  refers  to  the  electrical  intensity  arising  from  the  varying 
magnetic  field  due  to  the  current  y  in  one  of  the  turns  of  the  coil. 

Then  along  the  wall  of  the  vessel  AQ  whose  length  is  /=  2:rr,  by 
Stokes'  theorem  we  have 

r''^^///=   fTcurl  Eds 
or 

j  j  Hds  is  the  total  magnetic  flux  through  the  circle  AQ  due  to  the 

current  in  one  of  the  turns  of  the  coil.  It  is  also  equal  to  the  coefficient 
of  mutual  induction  M  between  the  circle  A  Q  and  one  of  the  turns  of 
the  coil  multiplied  by  the  current  y.     That  is 


// 


Hds  =  My. 

Introducing  this  in  equation  (2)  together  with  the  expression  for  y 
and  differentiating 

E  ^ ir  cos  — TZ— ^  M. 

The  mean  value  of  which  is 
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For  the  six  turns  of  the  coil  (3)  becomes 

jf-^,+£,+  ...£.=-^f  |:^.  (4) 

The  coefficient  of  mutual  induction  between  a  turn  of  wire  and  a 
circle  ^^  is  given  by  Maxwell  (Elect.  &  Mag.,  Vol.  II.,  p.  345). 
It  may  be  expressed  in  the  terms  of  this  coil  and  summed  as  follows  : 

Where  R  has  the  values  R^y  R^*  " R^  and  r  is  the  radius  of  the  circle 
AQ. 

Solving  the  above  expression  for  the  various  values  of  R^  equation  (4) 
reduces  to 

X 
-^=.0017. 

This  is  the  ratio  of  the  electrical  force  acting  on  the  gas  at  the  inner 
wall  of  the  vessel  to  the  potential  at  which  the  spark  passes. 

This  value  of  X//' differs  but  little  from  the  value  given  in  my  previous 
paper  which  was 

-=  .00165. 

This  correction  is  less  than  the  experimental  errors,  consequently  it 
will  make  no  material  change  in  the  constants  of  the  discharge  calculated 
by  means  of  the  theory  from  the  experimental  data. 

Phcenix  Physical  Laboratory, 

Columbia  University, 

October  6,  1906. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  of  the  Thirty-Fifth  Meeting. 

THE  annual  meeting  of  the  Physical  Society  was  held  in  Fayer- 
weather  Hall,  Columbia  University,  New  York  City,  December 
27-29,  1906. 

The  business  meeting  of  the  Society  was  held  Friday  morning  Decem- 
ber 28,  President  Barus  being  in  the  chair.  Tellers  having  been  duly 
appointed  the  Society  proceeded  to  the  election  of  officers  for  the  year 
1907.     The  following  officers  were  elected : 

President  —  Edward  L.  Nichols. 

Vice-President,  —  Henry  Crew. 

Secretary,  —  Ernest  Merritt. 

Treasurer,  —  William  Hallock. 

Members  of  the  Council,  —  H.  A.  Bumstead  and  C.  E.  Mendenhall. 

All  the  other  sessions  of  the  Society  were  joint  sessions  with  Section 
B  of  the  American  Association  for  the  Advancement  of  Science.  Presi- 
dent Barus  occupied  the  chair  during  the  morning  session  of  December 
28  and  both  sessions  of  December  29,  while  Vice-President  Sabine  of 
Section  B  presided  for  the  session  of  December  27  and  the  afternoon 
session  of  December  28. 

The  following  papers  were  presented. 

1.  A  Colorimetric  Determination  of  the  Relative  Humidity  of  the 
Air.     Henry  E.  Wetherill. 

2.  The  Kinetic  Theory  of  Gases.     Luioi  d'Auria. 

3.  The  Effect  of  a  Magnetic  Field  upon  the  so-called  Spontaneous 
Ionization  of  Air.     W.  W.  Strong. 

4.  The  Standard  Cell.     F.  A.  Wolff  and  C.  E.  Waters. 

5.  The  Equilibrium  of  Mercurous  Sulphate  and  Mercury  and  Cad- 
mium Sulphate.     F.  A.  Wolff  and  C.  E.  Waters. 

6.  Projections  of  the  Sphere  Appropriate  for  Studying  the  Dynam- 
ical Problems  of  the  Atmosphere.     (Read  by  title.)     Cleveland  Abbe. 

7.  Final  Report  on  Ether  Drift  Experiments.  E.  W.  Morley  and 
D.  C.  Miller. 
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8.  The  Compensated  Two-circuit  Electrodynamometer  for  Alternating 
Current  Measurements  of  Precision.     Edward  B.  Rosa. 

9.  The  Power  Factor  and  Temperature  Coefficient  of  Mica  Con- 
densers.    E.  R.  Rosa  and  F.  W.  Grover. 

10.  The  Transmission  of  Roentgen  Rays  through  Metallic  Sheets.  J. 
M.  Adams. 

11.  The  Transformation  into  an  Electric  Current  of  Radiation  Inci- 
dent on  a  Moving  Surface.     Bergen  Davis. 

12.  Energy  necessary  to  Ionize  a  Molecule  by  Impact  of  Negative 
Electrons.     Bergen  Davis. 

13.  The  Influence  of  Electrical  Fields  upon  Spectral  Lines.  G.  F. 
Hull. 

14.  Production  of  Radium  by  Actinium.     Bertram  B.  Boltwood. 

15.  Production  of  Radium  from  Actinium.     E.  Rutherford. 

16.  On  the  Conductivity  of  the  Air  caused  by  Certain  Compounds 
during  Temperature  Change.     Fanny  C.  Gates. 

17.  Fluorescence  Absorption.     E.  L.  Nichols  and  Ernest  Merritt. 

18.  The  Absorption  of  Some  Solids  for  Light  of  Short  Wave-length. 
Theodore  Lyman. 

19.  The  Distribution  of  the  Energy  emitted  by  a  Righi  Vibrator. 
C.  R.  Fountain  and  F.  C.  Blake. 

20.  Diffraction  of  Electric  Waves  of  Short  Wave-length.    A.  D.  Cole. 

21.  The  Constants  in  Gas- Viscosity.     Willard  J.  Fisher. 

22.  On  the  Variation  of  the  Heat  of  Mixture  with  Concentration  and 
Temperature.     Bertha  M.  Clark. 

23.  A  Study  of  the  Reversible  Pendulum.  John  C.  Shedd  and  James 
A.  Birchby. 

24.  On  the  Nature  of  Optical  Images.     Albert  B.  Porter. 

25.  The  Mutual  Inductance  of  two  Coaxial  Coils.     E.  B.  Rosa. 

26.  The  Mutual  Inductance  of  a  Circle  and  a  Coaxial  Helix.  The 
Lorenz  Experiment  and  the  Ayrton-Jones  Absolute  Electro -dynamometer. 
E.  B.  Rosa. 

27.  Mutual  Inductances  for  Laboratory  use.     E.  B.  Rosa. 

28.  A  Color  Mixer.     Albert  B.  Porter. 

29.  Wave-Metrical  Measurements  with  Wireless  Telegraph  Circuits. 
(Read  by  title.)     G.  W.  Pierce. 

30.  Geometrical  Theory  of  Radiating  Surfaces  with  Discussion  of  Light 
Tubes.     Edward  P.  Hyde. 

31.  The  Hissing  Point  of  the  Metallic  Arc.     W.  G.  Cady. 

32.  On  the  Determination  of  Specific  Inductive  Capacities  by  the 
Gold  Leaf  Electroscope.     (Read  by  title.)     J.  C.  McLennan. 

33.  Some  Notes  on  the  Magnetic  Properties  of  Heusler's  Alloys.  J. 
C.  McLennan. 
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34.  Oa  the  Magnetic  Susceptibility  of  Mixtures  of  Salt  Solutions.     J. 
C.  McLennan. 

35.  Helion,  a  new  Incandescent  Lamp  Filament.     H.  C.  Parker  and 
W,  G.  Clark. 

36.-  The  Magnetic  Rotation  of  Na  Vapor  at  the  D  Lines.     R.  W. 
Wood. 

37.  Fluorescence  Spectra  of  Mercury  Vapor.     R.  W.  Wood. 

38.  Hydraulic  Analogy  of  the  Welsbach  Mantle  and  other  Radiators. 
R.  W.  Wood. 

39.  The   Shielding   of  a   Highly   Sensitive   Galvanometer.       E.   F. 
Nichols  and  S.  R.  Williams. 

40.  On  Magnetic  Shielding.     A.  P.  Wills. 

41.  On  the  Temperature  of  the  Mercury  Arc.     Chas.  T.  Knipp. 

42.  Remarkable   Optical    Properties   of   Carborundum.      Lewis   E. 
Jewell. 

43.  Modeb  illustrating  the  Motion  of  a  Violin  String.     Harvey  N. 
Davis. 

44.  The  Motion  of  a  Violin  String  under  light  Bowing.     Harvey  N. 
Davis. 

45.  Distributions  of  Ions  and  of  Nuclei  in  Dust  Free  Air.     (Read 
by  Title. )     Carl  Barus. 

Adjourned  Saturday  afternoon,  December  29,  1906. 

Ernest  Merritt, 

Secretary. 

On  Effects  of  the  Electrical  Discharge  on  the  Acetylene 

Flame.^ 

By  C.  F.  Ix)renz. 

THE  observation  that  the  brightness  and  whiteness  of  the  light  emitted 
by  a  flame  of  ordinary  illuminating  gas  was  increased  slightly  by 
the  passage  through  it  of  the  discharge  from  an  induction-coil,  the  primary 
of  which  was  fed  with  alternating  current,  led  to  experiments  with  various 
carbon  containing  flames  in  order  to  bring  out  this  effect  in  a  more  pro- 
nounced manner.  It  was  found  that  in  the  case  of  a  cylindrical  jet  of 
acetylene  issuing  under  considerable  pressure  from  a  small  hole  the  light 
could  be  increased  about  five- fold.  The  formation  of  soot,  at  first  trouble- 
some, was  avoided  by  placing  the  pointed  brass  electrodes  in  the  invisible 
mantle  of  vapor  surrounding  the  flame  out  of  contact  with  the  luminous 
part,  one  being  placed  near  the  base  and  the  other  near  the  top  or  middle 
of  the  flame  on  the  opposite  side.  Simultaneous  measurements  of  cur- 
rent, candle-power  and  voltage  were  made  on  a  flame  having  an  initial 

*  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decem- 
ber I,  1906. 
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candle-power  of  7.5,  flame  height  of  59  mm.  and  electrode  distance  of 
24  mm.,  the  rate  of  flow  of  gas  being  .34  cubic  feet  per  hour.  There 
was  a  linear  increase  of  candle-power  with  current  up  to  a  limiting  value 
of  38.0,  the  current  being  then  45  milliamperes  and  the  diflerence  of 
potential  between  the  electrodes  2,700  volts.  The  difference  of  poten- 
tial first  increased  with  increase  of  current,  as  in  the  case  of  an  ordinary 
resistance  and  then  decreased  as  in  the  case  of  an  arc,  the  maximum 
value,  amounting  to  3,000  volts  occurring  when  the  current  was  about 
10  milliamperes,  this  being  long  before  the  beginning  of  appreciable 
arcing  at  the  electrodes. 

Observation  of  the  flame  in  a  rotating  mirror  shows  that  it  shortens 
and  brightens  each  time  the  discharge  passes.  The  flame,  of  course, 
emits  a  humming  sound.  On  employing  direct  current,  obtained  from 
a  number  of  small  generators  in  series,  an  almost  noiseless  steady  light 
resulted.  Several  more  or  less  useful  applications  of  such  a  current 
carrying  acetylene  flame,  which  gives  a  white  light  strong  in  the  violet 
end  of  the  spectrum,  suggest  themselves.  For  example,  it  may  be 
applied  in  cases  in  which  it  is  desired  to  produce  rapid  variations  in  the 
intensity  of  a  light  by  means  of  small  currents,  such  as  microphone  cur- 
rents ;  the  secondary  of  an  induction  coil,  which  may  serve  at  the  same 
time  as  as  a  steadying  resistance,  is  put  in  series  with  the  flame  and  the 
variations  or  interruptions  made  in  a  circuit  containing  the  primary. 

The  Radiation   Constants  and  Temperature  of  the  Nernst 

Glower.* 

By  C.  E.  Mendenhall'and  L.  R.  ingersoll. 

'PROM  a  spectrophotometric  study  of  a  Nernst  glower  at  several  known 
-^  temperatures  (the  melting-points  of  gold,  palladium  and  platinum) 
the  constants  in  the  isochromatic  radiation  formula  have  been 
determined,  on  the  assumption  that  the  equation  is  of  Wien's  form : 
log  ^=  A'j  +  K^i\T.  This  establishes  a  radiation- temperature  scale 
for  the  glower,  and  by  exterpolation  the  temperature  of  the  glower  with 
normal  or  any  desired  power  consumption  can  be  estimated.  Experience 
has  shown  that  the  isochromatic  radiation  function  gives  about  the  most 
reliable  method  of  estimating  extremely  high  temperatures.  The  normal 
temperature  is  found  to  be  about  2,300  abs.,  disagreeing  with  the  recent 
determination  of  Hartman,  1,800**  abs.,  which  can  readily  be  shown  to 
be  too  low.  The  use  of  a  Nernst  filament  as  a  meldometer  for  deter- 
mining very  high  melting  points  is  also  discussed,  as  also  the  relative 
advantages  of  radiation  and  thermoelectric  methods  for  determining 
flame  and  other  high  temperatures. 

»  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decem- 
ber I,  1906. 


No.  2.]  THE  AMERICAN  PHYSICAL  SOCIETY,  23 1 

Change  of  Phase  Due  to  the  Passage  of   Electric   Waves 
Through  Thin  Films,  and  the  Index  of  Refrac- 
tion OF  Water  for  Such  Waves.* 

By  Wm.  R.  Blair. 

I.  The  apparatus  for  the  production  of  the  waves  consists  of  a  high  fre- 
quency device  and  a  finely  adjustable  gap  in  oil.  The  interferometer  is 
of  the  Michelson  type,  paraboloidal  reflectors  being  used  about  the  gap 
and  the  receiver.  Two  receivers  are  used,  one  receiving  the  direct  radi- 
ation from  the  gap,  and  the  other  the  energy  of  the  interfering  waves. 
They  are  connected  with  the  galvanometer  so  as  to  oppose  each  other. 
The  time  during  which  the  current  passes  through  the  galvanometer  is 
the  same  for  all  readings,  being  controlled  by  a  pendulum. 

II.  It  is  found  that  the  change  of  phase  is  not  a  linear  function  of  the 
thickness  of  the  film  used. 

III.  These  results  seem  to  make  it  necessary  to  modify  the  conclusions 
drawn  from  previous  experimental  work  upon  thin  wedges  of  absorbing 
media. 


On  the  Magnetic  Behavior  of  Certain  Alloys  of  Nickel.^ 

By  Bruce  V.  Hill. 

MANY  nickel  alloys  are  of  great  importance.  Such  are  the  nickel 
steels  and  a  number  of  alloys  used  as  resistances.  The  thermal, 
mechanical  and  electric  properties  seem  to  be  closely  connected  with  the 
magnetic.  These  relations  may  be  accounted  for  by  the  allotropic  theory. 
Since  the  depression  of  the  transformation  point  of  nickel  in  an  alloy 
is  very  like  that  of  the  freezing  point  of  a  solvent  by  a  solute  it  was  sought 
to  find  whether  the  formula  of  van' t  Hoff 

does  not  apply  to  the  case  of  alloys.  Alloys  of  nickel  with  copper,  tin 
and  silver  were  studied  and  the  results  are  tabulated  together  with  those 
of  other  observers  upon  other  alloys  of  nickel.  It  is  seen  that  the  depres- 
sion of  the  point  of  transformation  of  the  nickel  is  not  inversely  propor- 
tional to  the  atomic  weight  and  no  simple  relation  has  been  found. 

*  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decem- 
ber I,  1906. 
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The  Viscosity  of  Water  at  Low  Rates  of  Shear.* 
By  Lawrence  E.  Gurney. 

BECAUSE  of  its  bearing  on  the  theory  of  fluids  an  attempt  was  made 
to  measure  the  coefficient  of  viscosity  of  water  at  much  lower  rates 
of  shear  than  have  been  used  hitherto.  A  ring  of  water  i  cm.  thick,  5 
cm.  in  radius  and  about  5  cm.  in  effective  length  was  enclosed  between 
concentric  brass  cylinders ;  the  outer  one  rotating  at  uniform  speed  — 
the  inner  one  hung  upon  a  small  steel  wire.  End  effects  and  the  con- 
stants of  the  suspension  were  eliminated  experimentally.  Three  rates  of 
shear  were  used  of  about  5,  1.3,  and  .6  radians  per  second.  The  results 
of  these  three  series*  were  self-consistent  within  ,3  per  cent,  and  within 
experimental  error  appeared  to  agree  with  the  values  obtained  at  ordinary 
rates  of  shear. 

Prof.  A.  W.  Duff  (Phil.  Mag.,  May,  1905)  describes  experiments  from 
which  he  concludes  that  the  soluble  constituents  of  glass  may  enormously 
increase  the  viscosity  coefficient  of  water  at  low  rates  of  shear.  This 
conclusion  was  tested  by  the  method  given  above  and  was  not  confirmed. 

Incidental  observations  were  made  showing  that  under  certain  condi- 
tions the  surface  film  of  water  may  behave  like  a  rigid  body. 


On  Distributions  of  Nuclei  and  Ions  in  Dust-free  Air.* 

By  Carl  Barus. 

I  HAVE  recently  found  it  desirable  to  gather  my  data  together  for 
comparison.  There  is  in  fact  a  serious  discrepancy  between  Mr.  C. 
T.  R.  Wilson's  results  and  mine  when  reduced  to  the  same  scale.  Mr. 
Wilson's  supersaturations  for  negative  ions  and  cloud  are  distinctly  higher, 
which  certainly  can  not  mean  that  my  fog  chamber  is  in  these  regions 
inferior  to  his  own.  Thus  in  moderately  ionized  dust-free  air  my  con- 
densations begin  at  a  drop  of  about  18.5  cm.  from  76  cm.  as  compared 
with  20.5  in  Wilson's  apparatus;  similarly  my  fogs  begin  at  the  drop 
20.3,  Wilson's  at  27.7.  Furthermore  at  low  ionization  even  the  vapor 
nuclei  of  dust-free  wet  air  become  efficient  in  the  presence  of  ions.  It 
seems  impossible  therefore  that  any  positive  ions  should  fail  of  capture. 
Notation,  —  The  whole  case  may  best  be  represented  graphically.  In 
my  apparatus,  however,  the  adiabatic  volume  expansion  vjv  is  a  trouble - 

*  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decem- 
ber I,  1906. 

*  Read  by  title  at  the  New  York  meeting  of  the  Physical  Society,  December. 
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some  datum  to  compute ;  it  appears  as 

"(A-.)(.+^-) 

where  /  and  /'  are  the  pressures  in  the  fog  and  vacuum  chambers  before 
exhaustion,  /,  their  common  pressure  when  in  communication  after 
exhaustion,  always  at  the  same  temperature.  /,  is  very  nearly  the 
adiabatic  pressure.  The  volume  ratios  of  the  chambers  is  7/'  jV^  .064 ; 
the  tt's  denote  the  different  vapor  pressures  and  k  and  c  the  specific  heats. 
With  a  large  vacuum  chamber  the  approximation 

suffices,  so  that  \i  dp=ip  ""A»  ^^^  convenient  variable  for  the  comparison 
of  exhaustions  is  the  relative  drop  [^/—  (??  —  ^\)'\KP^  ^)'  ^^^^  is 
used  in  the  diagram  with  the  approximate  equivalent  of  vjv. 

Graphs.  Dust-free  Air,  — The  chart  contains  a  number  of  curves, 
showing  the  nucleation  in  thousands  per  cubic  centimeter  (computed 
from  the  angular  diameter  of  coronas)  in  terms  of  the  exhaustion. 
Typical  cases  are  given,  in  their  lower  parts  only.  Thus  the  curve  for  the 
vapor  nuclei  of  dust-free  air  begins  appreciably  below  .25  {v^jv  =  1.22  ; 
adiabatic  drop  from  76  cm.,  20.3  cm.),  but  it  hugs  the  axis  until  about 
.31,  after  which  it  sweeps  upward  far  beyond  the  chart  into  the  hundred 
thousands  and  millions.  The  position  of  Wilson's  negative  ions  and 
positive  ions  are  indicated  at  .27  and  above  .31.  Wilson's  fog  point 
would  lie  at  .365  in  the  chart  and  there  would  be  an  air  curve  to  the 
right  beyond. 

Weak  Ionization.  —  If  a  weak  ionizer  (radium  10,000  -iV,  10  mg., 
sealed  in  an  aluminum  tube)  is  placed  at  /^  =  40  cm.  from  the  glass  fog 
chamber,  the  curve  rises  slightly  above  .24,  becomes  nearly  constant 
slightly  below  .26,  until  above  .29,  after  which  it  also  begins  to  sweep 
with  great  rapidity  into  the  hundred  thousands  of  nuclei.  In  other  words 
at  weak  ionization,  the  vapor  nuclei  of  dust-free  wet  air  become  efficient 
in  the  presence  of  the  ions.  There  are  but  two  steps  in  the  curve  the 
initial  one  scarcely  leaving  the  axis,  the  other  at  a  height  of  about 
n  ^  15,000. 

Moderate  Ionization.  —  Let  the  radium  tube  be  attached  to  the  outer 
surface  of  the  fog  chamber.  The  curve  obtained  begins  appreciably 
slightly  above  .22{i\/v^  1.19,  adiabatic  drop  from  76  cm.  about  18.4 
cm. )  but  it  scarcely  rises  until  abo\e  .24.     From  this  point  it  also  sweeps 
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upward,  but  can  not  get  much  above  80,000  nuclei  per  cubic  centimeter 
which  condition  is  reached  at  about  .27.  To  make  this  curve  rise  into 
the  hundred  thousands,  /.  <?.,  to  make  the  vapor  nuclei  of  dust-free  wet 
air  efficient  in  the  presence  of  the  ions,  the  exhaustion  must  be  carried 
to  about  .  50,  much  beyond  the  lateral  limits  of  the  diagram  ;  but  the  fog 
is  then  intense  and  without  coronas.     No  other  apparatus  has  heretofore 


Fig.  1. 

succeeded  in  catching  the  nuclei  of  dust-free  air  in  the  presence  of  such 
ionization.  Again  there  are  but  two  steps,  one  very  near  the  axis  not 
appreciably  influenced  by  the  greater  ionization  and  the  other  above 
n  =  80,000.  Persistent  nuclei  are  not  produced,  however  long  the 
exposure. 

Strong  Radiation,  —  If  an  ordinary  X-ray  bulb  (4  inch  spark)  is  placed 
at  a  distance  of  about  50  cm.  from  the  fog  chamber,  the  condensation 
produced  begins  appreciably  somewhat  below.  22  (2/^/2;=!.  18  ;  adiabatic 
drop  from  76  cm.  about  18  cm. )  ;  but  the  graph  scarcely  rises  until  nearly 
.23,  when  the  upward  sweep  into  the  hundred  thousands  begins.  Ex^ 
posure  of  a  few  seconds  produces  fleeting  nuclei  only ;  exposure  of  one 
or  more  minutes  produces  persistent  nuclei.  In  spite  of  intense  ioniza- 
tion, the  first  step  (.22  to  .24)  near  the  axis  has  scarcely  risen,  the  other 
is  indefinitely  high  beyond  the  reach  of  coronas. 

Other  NucUations,  —  I  have  ventured  to  place  J.J.  Thomson*  s  data 
(Phil.  Mag.,  vol.  V,  1903,  p.  349)  in  the  same  chart  at  T,  They  must  be 
interpreted,  however,  relatively  to  Wilson* s  points  (negative  ions  vjv^^ 
1.25,  positive  ions  1.31,  cloud  1.38).  In  relation  to  the  other  curves 
of  the  chart  Thomson's  graph  must  be  shifted  bodily  toward  the  left 
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until  the  lower  and  upper  steps  of  the  curve  correspond  with  the  other 
cases.  In  none  of  the  experiments  made  with  my  apparatus  does  the 
initial  step  (which  should  correspond  to  Thomson's  branch  for  negative 
ions),  rise  much  above  the  horizontal  axis,  no  matter  how  intense  the 
ionization.  This  rise  begins  at  about  .24  in  the  chart  and  continues 
thereafter  in  a  way  to  correspond  with  the  ionization. 

The  diagram  is  too  small  vertically  to  include  Thomson's  second 
group  of  experiments  in  which  the  initial  steps  {v^\v  <  1.33)  lies  at  an 
average  height  of  «  =  85,000. 

Conclusion, — ^The  ratio  of  one  half  in  the  height  of  the  steps  occurring 
in  the  region  of  transition  from  negative  to  positive  ions,  the  accelerated 
motion  of  the  piston  producing  exhaustion,  and  the  agreement  in  size  of 
predicted  and  observed  ions,  is  the  strong  evidence  of  Thomson's  inter- 
pretation. Nevertheless  I  am  not  prepared  to  abandon  my  own  appa- 
ratus. H.  A.  Wilson  with  his  method  obtains  a  division  of  ions  into 
three  or  more  groups.  What  I  get  is  another  division  of  the  totality  of 
ions  into  two  groups,  one  a  numerically  small  group  with  large  nuclei, 
and  a  numerically  large  group  with  relatively  small  nuclei  and  containing 
all  the  ions.  This  occurs  even  in  such  cases  where  I  catch  the  vapor 
nuclei  of  dust  free  air  in  presence  of  the  ions  (radium  atZ>  =  40  cm.), 
and  hence  all  ions,  positive  and  negative,  must  have  been  caught  in  an 
earlier  stage  of  the  exhaustion. 

The  slopes  of  the  air  graph  and  the  strong  X-ray  graph  represent  the 
initial  branches  of  a  general  law  of  distribution  of  molecular  aggregates, 
such  as  is  given  by  the  theory  of  dissociation.  They  may  therefore  be 
expected  to  be  similar  in  their  slopes  as  they  actually  are. 

The  question  is  finally  to  be  asked  why  I  catch  the  negative  ions,  etc. , 
at  an  apparently  much  lower  supersaturation  than  C.  T.  R.  Wilson.  I 
have  entertained  doubts  whether  the  inertia  of  the  piston  in  his  apparatus 
is  initially  quite  negligible  ;  whether  in  any  apparatus  the  computed 
adiabatic  temperatures  were  actually  reached.  Nobody  has  proved  it,  and 
the  case  is  worst  for  tubes.  Moreover  in  every  apparatus  there  must  be  a 
limit  at  which  the  smaller  nuclei  of  a  graded  system  can  no  longer  be 
caught  in  the  presence  of  the  larger  nuclei.  But  I  do  not  believe  that 
the  real  discrepancy  will  be  found  in  any  of  these  misgivings.  It  seems 
to  me  to  be  inherent  in  this ;  in  Wilson's  apparatus  the  results  are  given 
from  the  observed  volume  ratio  v^lv  of  adiabatic  expansion  ;  in  my 
method  the  results  follow  from  the  observed  pressure  ratio  ///,.  It 
seems  questionable  whether  the  customary  constants  by  which  one  passes 
from  one  group  of  data  to  the  other  are  really  applicable,  to  wet  air  at 
very  low  temperatures.  Moreover  when  the  exhaust  cock  in  my  appa- 
ratus is  opened  for 
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/=o  .25  .5  I  2.5  5  00  sec, 

the  isothermal  pressures  of  the  fog  chamber  (caet.  par. )  read 
A=(57.8)        53.2        52.7        52.0        51. s        50.9        50.4       cm., 

so  that  in  the  first  quarter  second  of  opening  the  final  isothermal  pressure 
/,  (chambers  communicating)  is  already  reached  to  more  than  60  per 
cent.,  and  my  smallest  fog  chamber  holds  over  6  litres.  One  naturally 
asks  whether  the  importance  of  this  in  its  bearing  on  the  measurements  of 
the  ratio  of  specific  heats  k\c^  has  ever  been  adequately  appreciated. 
Brown  University, 
Providence,  R.  I. 


On  the  Variation  of  the  Heat  of  Mixture  with  Concen- 
tration AND  Temperature.* 

By  B.  M.  Clark. 

WHEN  two  liquids  are  mixed,  there  is  in  general  either  an  absorp- 
tion or  a  generation  of  heat,  the  amount  of  heat  depending  upon 
the  relative  amounts  of  the  liquids  present,  and  upon  the  temperature  at 
which  mixture  occurs. 

The  variation  of  the  heat  of  mixture  with  temperature  —  for  any 
definite  concentration  —  bears  theoretically  a  simple  relation  to  the 
specific  heats  of  the  components  of  the  mixture  and  the  specific  heat  of 
the  resultant  mixture,  and  the  present  experiments  were  begun  with  a 
view  to  determining  experimentally  the  numerical  value  of  this  relation 
in  the  case  of  some  of  the  simpler  solutions. 

If  c  and  (f  represent  the  specific  heats  of  the  components  of  the  solu- 
tion, then  the  specific  heat  A' of  the  solution  will  not  in  general  be  given 
by  the  simple  law 

but  will  be  greater  or  less  than  this  value.  Calling  Q  the  heat  of  solu- 
tion due  to  the  mixture  of  any  two  liquids,  we  have  from  thermodynamic 
considerations  the  following  relation 

''(^«>_A'       A" 


1 

cember 


AbsU-act  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  De- 
iber  27-29,  1906. 
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When  K  is  the  observed  specific  heat  of  the  resultant  solution,  K*  the 
specific  heat  calculated  from  the  above  formula.  This  shows  that  only 
where  K^^  K  \%  the  heat  of  solution  independent  of  the  temperature  at 
which  mixture  occurs. 

Observations  were  made  with  infinitely  soluble  as  well  as  partially 
soluble  liquids. 

The  values  obtained  for  the  heat  of  solution  at  various  temperatures 
show  that  for  the  liquids  tested  the  thermodynamic  relation 


(it 

holds  within  the  limits  of  experimental  error.  The  value  dQjdt^  known 
as  the  temperature  coefficient  of  the  heat  of  mixtures,  varies  in  some  mix- 
tures with  the  temperature. 

Anilin  xylol,  anilin-toluol  gave  evidence  of  a  temperature  coefficient 
equal  to  zero,  /.  ^., 

f  4,^=0. 

\  dt 

Numerical  values  and  curves  will  be  given  in  a  paper  to  appear  shortly. 


The  Constants  in  Gas-Viscosity.* 
By  Willard  J.  Fisher. 

IN  1893  W.  Sutherland*  proposed  an  explanation,  based  on  the 
assumptions  of  the  Kinetic  Theory,  with  the  additional  one  of 
attractive  forces  between  molecules,  which  has  been  shown  by  numerous 
investigators  to  agree  better  with  the  observed  facts  of  gas- viscosity  than 
any  of  the  empirical  formulas.     His  formula  is 


in  which  ti  is  the  viscosity-coefficient,  d  the  absolute  temperature,  C  a 
constant  depending  on  the  gas.  The  formula  holds  only  for  temperatures 
above  the  critical  and  pressures  such  that  Boyle's  Law  is  true.     Taking 

*  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  De- 
cember 27-29,  1906. 

«W.  Sutherland,  Phil.  Mag.  (5),  36,  p.  507,  1893. 


238  THE  AMERICAN  PHYSICAL  SOCIETY.        [Vol.  XXIV. 

ijp,  the  viscosity-coefficient  at  o**  C,  as  a  second  constant  of  the  equation, 
all  writers  hitherto  have  thrown  it  into  the  form 


'•(57^)' 
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determining  ti^  and  C  by  the  method  of  Least  Squares. 

Observing  that  in  Sutherland's  original  article,  in  terms  of  molecular 
quantities,  C  has  the  value 


->Kr.). 


where  m  is  the  mass  of  a  molecule,  a  its  radius,  clz  the  factor  converting 
absolute  temperatures  into  molecular  kinetic  energy,  and  /  symbolizes 
the  unknown  law  of  potential  energy  between  molecules,  the  writer 
plotted  a  curve  between  C  and  /«*,  using  the  relative  molecular  weights 
of  Chemistry;  and  finds  that  the  elements  which  have  been  studied 
through  sufficiently  wide  ranges  of  temperature  give  an  approximately 
straight  line,  with  equation  C=  0.058 J/*  +  74  ;  in  which  J/ is  the  rela- 
tive molecular  weight. 

Combining  this  with  Sutherland's  expression  for  C,  for  these  gases, 


/(i)-i.(-'*+f.> 


in  which  h  is  the  mass  in  grams  of  a  Hydrogen  atom.  It  is  to  be  noted 
that  the  values  of  Care  in  considerable  disagreement,  as  given  by  the  dif- 
ferent authors. 

Also,  instead  of  writing  the  equation  with  the  variation  sign,  it  may 
be  put  in  the  form 

The  proportionality  constant  K^  hitherto  unnoticed,  has  the  value  by 
Sutherland's  article 

.o64ri»«* 

which  suggests  that  K  should  be  linear  in  w*.  Determining  K  from 
published  data  for  various  elements  and  compounds  by  a  graphical 
method,  it  is  found  that  no  obvious  law  holds  for  the  compounds,  but 
that  the  four  elements,  H,  N,  O,  Ar,  give  a  straight  line  of  ifonnula 
K'  10'  =»  0.593^1/'*  -f  66,  in  which  M  is  the  relative  molecular  weight. 
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Helium,  in  this  respect,  as  in  several  others,  does  not  form  part  of  the 
series,  and  Argon  deviates  about  4  per  cent. 

No  other  elementary  gases  have  been  studied  under  conditions  such  as 
to  justify  farther  conclusions. 


Remarkable  Optical  Properties  of  Carborundum.^ 
By  Lewis  E.  Jewell. 

SOME  transparent  blue  plates  of  carborundum,  found  in  1904,  gave 
by  preliminary  measures  with  a  microscope  a  very  high  value  for 
the  refractive  index. 

Later,  in  material  received  from  the  Carborundum  Company  of  Niagara 
Falls,  were  found  some  transparent  and  colorless  plates,  some  of  which 
were  fairly  thick.  The  polarization  of  the  plates  was  studied  with  the 
polariscope  and  one  specimen  of  twinned  crystals  produced  a  well-defined, 
transparent,  colorless  prism  where  the  plates  were  joined. 

Measurements  with  the  spectrometer  were  made  and  the  refraction 
proved  to  be  greater  than  that  of  the  diamond,  and  the  dispersion  more 
than  twice  as  great. 

Spectrograms  were  obtained  of  the  light  transmitted  through  the  plates 
and  a  thickness  of  one  thirtieth  of  a  millimeter  absorbed  practically 
all  light  having  a  wave  length  less  than  4,000  Angstrom  units. 

Interference  bands  in  the  spectrum  of  light  transmitted  through  thin 
parallel  plates  gave  greater  values  of  the  dispersion  than  the  measurements 
with  the  spectrometer.  Spectrograms  have  also  been  obtained  of  the 
light  reflected  from  the  surfaces  of  the  crystals  and  the  reflective  power, 
which  is  extremely  high,  differs  very  little  in  the  visible  and  ultra-violet 
portions  of  the  spectrum  until  a  wave-length  of  about  2,400  is  reached, 
beyond  which  there  seems  to  be  an  absorption  band. 

There  may  be  a  slight  increase  in  the  reflective  power  in  the  violet  and 
ultra-violet,  but  it  is  not  very  pronounced.  After  the  measurements  were 
made  some  better  material  was  obtained  and  larger  and  much  more  per- 
fect prisms  have  been  made,  with  which  much  more  accurate  values 
of  refractive  indices  are  to  be  made,  also  the  interference  fringes  in  the 
spectra  produced  by  carefully  selected  plates  are  to  be  used  for  this 
purpose  also. 

Very  remarkable  markings  have  been  found  upon  some  plates,  the  most 
remarkable  of  which  take  the  form  of  spirals,  some  of  which  are  hexag- 
onal and  others  triangular,  changing  to  hexagonal  farther  out.     Most  of 

>  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  De- 
cember 27-29,  1906. 
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the  spirals  are  however  circular,  some  of  them  are  so  close  together  and 
so  regular  as  to  give  brilliant  spectra,  even  to  the  sixth  or  eighth  order ; 
the  lines  in  some  cases  are  as  close  together  as  thirty  or  fifty  thousand  to 
the  inch.     Many  of  these  markings  are  extremely  beautiful. 

Sometimes  there  are  two  outer  coatings  to  the  plates,  the  outer  an  oxida- 
tion product  giving  the  brilliant  surface  colors  which  are  due  to  a  thin 
film.  Sometimes  there  is  another  layer  with  an  exceptionally  brilliant 
silver-like  surface.  Either  or  both  of  these  coatings  may  be  present  and 
in  some  cases  neither  one. 

The  first  mentioned  coating  is  comparatively  soft  and  easily  removed, 
the  other  coating  is  nearly  or  quite  as  hard  as  the  corborundum  itself. 

The   Mutual  Inductance  of  a  Circle  and  a  Coaxial  Helix. 

The  Lorenz  Experiment  and  the  Ayrton-Jones  Absolute 

Electrodynamometer.^ 

By  E.  B.  Rosa. 

THE  constant  of  the  Lorenz  apparatus  for  the  absolute  measurement 
of  resistance  and  of  the  Ayrton-Jones  electrodynamometer  for  the 
absolute  measurement  of  current  require  the  calculation  of  the  mutual  in- 
ductance of  a  circle  and  a  coaxial  helix,  the  circle  in  the  first  case  being 
the  edge  of  the  rotating  disc  and  in  the  second  case  one  end  of  the  sus- 
pended coil,  the  helix  being  the  fixed  coil  carrying  the  primary  current. 
Jones  obtained  an  expression  for  the  mutual  inductance  in  question  by 
integrating  spirally  along  the  entire  length  of  the  helix,  his  result  being 
an  exact  expression  but  appearing  in  terms  of  elliptic  integrals  of  all 
three  kinds  and  hence  being  a  very  tedious  and  difficult  expression  to  use 
in  numerical  calculations.  Lorenz' s  expression  is  an  algebraic  series  less 
difficult  but  also  less  accurate  than  Jones's.  Using  an  expansion  in  zonal 
harmonics,  I  have  obtained  an  expression  in  the  form  of  an  algebraic 
series,  similar  to  Lorenz*s  but  more  accurate,  which  is  far  more  conve- 
nient to  use  than  Jones's  and  agreeing  with  the  latter  to  less  than  one  part 
in  a  million  (in  a  particular  numerical  test)  thus  being  amply  accurate 
for  the  most  refined  experimental  work.  This  expression  is  obtained  on 
the  assumption  that  the  current  is  distributed  over  the  solenoid  in  a  uni- 
form current  sheet,  whereas  Jones's  expression  assumed  the  current  flow- 
ing in  a  helix.  Their  agreement  is  a  confirmation  of  the  theorem  that 
a  spiral  distribution  of  current  is  equivalent  to  a  current  sheet.  For  a 
short  coil,  however,  a  question  arises  as  to  how  to  introduce  the  current 
into  the  helix  so  as  to  meet  the  mathematical  conditions  of  equivalence 

1  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  De- 
cember 27-29,  1906. 
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to  a  current  sheet.  It  is  shown  in  the  paper  that  for  such  sizes  of  wire 
and  coils  as  are  likely  to  be  employed  in  measurements  of  precision  the 
variation  in  the  constant  of  the  coil  due  to  the  lead  wires  not  conforming 
to  the  mathematical  conditions  may  be  made  wholly  inappreciable,  so 
that  the  formula  of  Jones  or  the  more  convenient  series  formula  may  be 
used  without  any  correction  for  leads. 

Mutual  Inductances  for  Laboratory  Use.* 

By  E.  B.  Rosa. 

''T^HE  most  accurate  as  well  as  the  most  convenient  method  of  cali- 
1  brating  a  ballistic  galvanometer  is  by  means  of  a  mutual  induc- 
tance, through  the  primary  of  which  a  measured  corrrent  flows.  Some 
laboratories  use  a  standard  solenoid  with  a  secondary  wound  within  or 
without,  calculating  the  mutual  inductance  of  the  primary  and  secondary 
coils  from  their  dimensions.  Such  a  solenoid  made  large  enough  and 
carefully  enough  to  give  the  mutual  inductance  with  fair  precision  is  both 
bulky  and  expensive,  and  not  very  portable.  Being  of  considerable 
length,  its  magnetic  field  often  extends  to  a  considerable  distance  and 
may  disturb  other  work.  On  the  other  hand  suitable  primary  and  second- 
ary coils  may  be  wound  on  a  thoroughly  seasoned  wood  spool  (or  a  marble 
spool)  only  10  or  12  cm.  in  diameter  and  afford,  when  calibrated, 
an  accurate  and  convenient  mutual  inductance  for  the  calibration  of  gal- 
vanometers that  is  cheap,  portable  and  reliable.  Such  inductances  are 
so  inexpensive  and  occupy  so  little  space  that  one  can  be  left  with  its 
secondary  in  circuit  with  the  galvanometer,  ready  to  be  used  for  calibrat- 
ing the  latter  at  any  time.  They  can  be  made  in  the  laboratory  at  trif- 
ling cost  and  can  be  sent  by  mail  or  express  to  the  Bureau  of  Standards 
and  calibrated  at  very  slight  expense.  Specifications  for  such  coils  will 
shortly  be  published  by  the  bureau. 

The  Mutual  Inductance  of  Two  Coaxial  Coils.' 

By  E.  B.  Rosa. 

ABSOLUTE  measurements  of  resistance  have  been  made  by  Rowland, 
Glazebrook  and  others  using  two  coaxial  coils  the  mutual  induc- 
tance of  which  was  computed  from  their  dimensions.  By  the  methods 
employed  by  Kohlrausch  and  Rayleigh  the  mean  radius  of  such  coils  can 
be  obtained  with  great  precision  by  comparing  them  with  larger  coils 
wound  with  a  single  layer  of  wire,  the  mean  radius  of  which  may  be  de- 
termined with  sufficient  accuracy  by  direct  measurement.     The  formulae 

1  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  De- 
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employed  by  Rowland  and  Glazebrook  in  calculating  the  mutual  induc- 
tances of  their  coils  are  both  approximate,  and  do  not  agree  with  one 
another  closely  unless  the  coils  have  very  small  sections  or  are  rather  far 
apart.  Weinstein  and  Stefan  both  gave  formulae  for  use  in  calculating 
the  mutual  inductance  of  such  coils,  but  they  do  not  agree  with  one 
another  as  accurately  as  is  desirable  for  precision  work.  I  have  revised 
and  corrected  Weinstein's  formula  and  derived  a  new  formula  starting 
where  Stefan  began,  these  two  formulae  agreeing  very  closely  and  prov- 
ing more  accurate  than  any  of  the  others.  These  formulae  are  sufficiently 
accurate  for  the  most  refined  work  in  the  absolute  measurement  of 
resistance. 

Models  Illustrating  the  Motion  of  a  Violin  String.* 

By  Harvey  N.  Davis. 

THE  function  u(^x,  t )  which  gives  the  displacement,  at  the  time  /, 
of  a  point  x  units  from  one  end  of  a  violin  string,  can  be  repre- 
sented graphically  by  a  surface  with  the  x,  t  plane  as  a  base-plane.  If 
the  units  were  properly  chosen,  this  graph  would  be  the  surface  which 
the  string  would  generate  if,  while  it  vibrated,  it  were  also  carried  along 
in  a  direction  perpendicular  to  the  plane  of  its  vibration ;  and  in  any 
case,  a  section  of  such  a  surface  parallel  to  the  x  axis  represents,  usually 
on  a  magnified  scale,  the  configuration  of  the  string  at  some  corresponding 
time,  /  =  /^,  while  one  parallel  to  the  /  axis  represents  the  displacement 
of  a  corresponding  point,  jc  =  ^,,,  as  a  function  of  the  time. 

Five  surfaces  of  this  kind,  modeled  in  three  dimensions,  were  shown, 
representing,  one  the  general  Helmholtzian  solution  and  the  others  the 
motion  of  a  string  bowed  at  points  |,  |,  f  and  f  of  its  length  from  one 
end.  These  particular  cases  were  chosen  because,  besides  being  typical, 
they  have  some  interest  in  connection  with  Young's  and  Krigar-Menzel's 
observations  on  the  absence  or  dominance  of  certain  overtones  when  a 
string  is  bowed  at  or  near  one  of  their  nodes. 

The  Motion  of  a  Violin  String  Under  Light  Bowing.* 
By  Harvey  N.  Davis. 

THIS  paper  discusses  the  influence  which  the  pressure  of  the  bow 
upon  the  string  has  on  the  resulting  vibration  form.*  For  each 
bowing  speed  there  is,  for  comparatively  great  pressures,  a  considerable 
range  within  which  the  only  effect  of  a  change  in  the  pressure  is  a  slight 

*  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
December  27-29,  1906. 

*The  vibrations  actually  observed  were  longitudinal  rather  than  transverse,  the  appa- 
ratus used  being  a  modification  of  that  described  to  the  Society  in  December,  1905. 
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corresponding  change  in  the  position  of  equilibrium  about  which  the 
string  vibrates,  the  vibration  form  being  always  that  described  by  Helm- 
holtz  and  others,  and  the  amplitude  remaining  the  same.  For  smaller 
pressures  both  the  amplitude  and  the  vibration  form  change  with  the 
pressure.  In  particular,  if  the  pressure  is  below  a  certain  critical  value, 
determined  partly  by  the  materials  and  condition  of  the  apparatus  and 
partly  by  the  bowing  speed,  no  vibrations  can  be  maintained.  For  pres- 
sures slightly  greater  than  this  critical  pressure  there  are  no  overtones, 
the  time  graph  of  the  displacement  of  the  point  under  the  bow  being  a 
sine  curve  tangent  at  its  point  of  greatest  slope  to  the  line  representing 
the  speed  of  the  bow.  As  the  pressure  is  increased  beyond  this  value, 
the  bowing  speed  remaining  constant,  the  mode  of  vibration  goes  over 
continuously  into  the  Helmholtzian  form. 

On  Magnetic  Shielding.^ 

By  a.  p.  Wills. 

ASSUMING  the  results  of  a  previous  paper,  giving  the  **  shielding 
ratio  "  for  a  set  of  three  concentric  spherical  iron  shells  and  for  a 
similar  set  of  cylindrical  shells,  the  following  problem  was  discussed : 
Given  the  innermost  and  outermost  radii  of  the  system  in  each  case, 
what  values  should  the  remaining  four  radii  have  in  order  that  the  shield- 
ing shall  be  a  maximum?  Starting  with  the  expression  giving  the 
"shielding  ratio**  (the  ratio  of  field  impressed  to  field  within  inner- 
most shell),  derived  in  the  paper  referred  to  above,  the  conditions  for  a 
maximum  of  the  expression,  under  the  conditions  imposed,  are  examined  ; 
and  it  is  found  that  approximately  the  best  conditions  are  obtained 
when  the  radii  of  the  shells  are  in  geometrical  progression.  This  hold? 
for  both  spherical  and  cylindrical  systems. 

A  Color  Mixer.^ 

By  Albert  B.  Porter. 

THE  simplest  means  of  mixing  and  matching  colors  is  undoubtedly 
Maxwell's  color-top.  It  is,  however,  defective  in  that  one  cannot 
continuously  vary  the  positions  of  the  slotted  discs  while  seeking  a  color- 
match,  but  must  usually  stop  the  top  many  times,  readjust  the  discs,  and 
again  set  up  the  rotation,  before  a  satisfactory  match  is  secured. 

In  the  present  instrument  the  slotted  discs  remain  stationary  while 
their  image  is  rapidly  rotated.  This  is  effected  by  viewing  the  discs 
through  a  right-angled  prism  which  rotated  with  its  hypothenuse  par- 
allel to  the  axis  of  rotation  and  to  the  line  of  sight.     As  the  slotted 

'  AbsUract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
December  27-29,  1906. 
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discs  remain  stationary,  their  angular  exposure  can  be  easily  and  con- 
tinuously varied  until  the  best  possible  color-match  is  secured. 

On  the  Nature  of  Optical  Images.* 
By  Albert  B.  Porter. 

A  CONSIDERATION  of  the  method  by  which  light  is  propagated  is 
sufficient  to  show  that  an  ordinary  optical  image  is  merely  a  par- 
ticular case  of  an  interference  pattern.  This  may  be  easily  shown  ex- 
perimentally by  using  as  an  object  a  coarse,  black -line  grating  illuminated 
by  a  parallel  beam  of  monochromatic  light  passing  through  the  grating 
and  then  through  a  convex  lens.  On  the  far  side  of  the  lens  a  system  of 
sharply  defined  interference  fringes  is  formed  which  can  be  seen  with  an 
eyepiece,  or  intercepted  on  a  screen,  at  any  point  over  a  considerable 
range  along  the  axis.  Somewhere  in  this  system  of  fringes  is  the  geo- 
metrical image  of  the  grating,  but  it  is  visually  quite  indistinguishable 
from  other  sections  of  the  fringe  system.  If  the  angle  of  incidence  of 
the  light  falling  on  the  grating  is  changed,  the  whole  fringe  system  shifts 
to  one  side  or  the  other  except  in  the  focal  plane,  where  it  remains  sta- 
tionary. This  shows  that  the  focal  plane  of  the  lens  is  merely  the  plane 
in  which  the  interference  fringes  formed  by  light  of  all  incidences  coin- 
cide, and  that  the  so-called  geometrical  image  is  really  a  superposition 
of  coincident  interference  patterns  ;  while  the  usual  absence  of  a  sharp 
image  outside  the  focal  plane  is  due  to  the  more  or  less  uniform  illumi- 
nation caused  by  the  overlapping  of  fringe  systems  formed  by  light  com- 
ing from  various  points  in  the  source.  When  the  grating  is  illuminated 
by  a  parallel  beam  of  white  light  the  effects  are  similar,  except  that  out- 
side the  focal  plane  the  interference  fringes  are  colored.  This  shows 
that  the  focal  plane  is  also  the  plane  of  achromatic  interference,  /.  ^., 
the  plane  in  which  the  fringes  due  to  light  of  various  wave-lengths 
coincide. 

These  experiments  clearly  show  why  it  is  in  general  essential  to  use  a 
condenser  to  illuminate  the  field  of  a  microscope  in  order  to  obtain  a 
critical  image,  /'.  ^.,  an  image  which  comes  sharply  into  and  out  of  focus 
and  which  is  hence  as  free  as  possible  from  confusion  with  details  of 
structure  lying  above  and  below  the  focal  plane.  ^ 

In  the  case  of  self-luminous  objects,  although  the  geometrical  image  is 
still  to  be  considered  as  an  interference  pattern,  the  effects  outside  the 
focal  plane  are  greatly  modified  by  the  lack  of  phase  relations  between 
the  waves  given  off  from  various  points  of  the  object. 

^  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  held 
December  27-29,  1906. 
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The  Absorption  of  Some  Solids  for  Light  of  Short 
Wave-length.^ 

By  Theodore  Lyman. 

THE  paper  deals  with  light  of  extremely  high  frequency  whose  ex- 
istence was  first  discovered  by  Schumann.  This  region  of  the 
spectrum  presents  problems  of  considerable  interest,  for  to  those  ques- 
tions of  pure  spectroscopy  —  the  radiation  and  absorption  of  gases 
and  solids  and  the  reflection  of  metals  —  must  be  added  problems  con- 
nected with  the  photo-electric  effect  and  with  the  physiological  action 
of  light. 

The  grating  spectroscope  which  the  author  has  used  in  his  measure- 
ment of  the  hydrogen  spectrum  between  1650  and  1250  Angstrom  units, 
though  well  adapted  for  the  determination  of  wave-lengths  is  not  espe- 
cially fitted  for  rapid  work  in  other  branches  of  the  subject.  A  prism 
spectroscope  would  be  preferable  for  many  purposes  on  account  of  its 
short  light  path  and  the  superior  intensity  of  its  spectrum. 

The  object,  therefore,  of  the  present  research  was  a  purely  prac- 
tical one,  namely,  to  find  some  substance  from  which  the  prism  and 
lenses  of  such  an  instrument  might  be  constructed.  White  fluorite  is 
the  only  known  substance  fitted  for  the  purpose,  and  it  was  hoped  that  a 
less  costly  substitute  might  be  discovered. 

In  order  to  test  rapidly  the  transparency  of  a  great  number  of  sub- 
stances an  instrument  of  special  type  was  constructed.  In  it  the  light 
from  a  discharge  tube  fell  upon  a  concave  mirror  and  was  thrown  by  it 
through  a  fluorite  prism  onto  a  screen  coated  with  willimite.  The  whole 
apparatus  was  enclosed  in  an  air-tight  case  which  could  be  exhausted  and 
filled  with  hydrogen.  The  specimens  to  be  examined  were  introduced 
into  this  case  in  such  a  manner  that  eight  of  them  could  be  interposed  in 
succession  between  the  mirror  and  source  of  light  without  opening  the 
apparatus.  The  extent  and  intensity  of  the  spectrum  on  the  fluorescent 
screen  was  observed  through  a  glass  window. 

To  check  the  results  obtained  with  this  instrument  the  absorption 
spectra  of  some  of  these  substances  were  photographed  by  a  method 
already  described.* 

The  substances  examined  were :  Colored  fluorites,  quartz,  topaz,  gyp- 
sum, celestite,  rock  salt,  barite,  alum,  colemanite,  sugar  (rock  candy), 
borax,  adularia,  calcite,  chrysoberyl,  sanidin,  anagonite,  apophyllite,  dia- 
mond and  kunzite.     The  results  are  : 

I.  No  substance  shows  so  great  transparency  as  white  fluorite. 

»  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  De- 
cember 27-29,  1906. 

«  Astrophysical  Journal,  Vol.  XXIII.,  No.  3. 
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II.  The  transparency  of  colored  fluorites  varies  through  a  considerable 
range,  but  some  light  green  specimens  are  nearly  as  good  as  the  white 
variety. 

III.  Colored  fluorites  may  be  deprived  of  their  color  by  heating.  The 
process  does  not  materially  alter  their  transparency. 

IV.  Quartz  in  thicknesses  of  about  i  mm.  is  transparent  to  I  1500. 
The  absorption  increases  with  such  rapidity  with  the  thickness  that  thick 
prisms  and  lenses  would  cut  the  spectrum  off  at  about  ^1750  for  all 
practical  purposes. 

V.  Of  the  remaining  ^bstances  Ceylon  topaz  is  the  best,  being  trans- 
parent to  ^  1560. 

VI.  Rock  salt  is  transparent  to  ^  1750  only. 

On  the  Conductivity  of  the  Air   Caused   by   Certain   Com- 
pounds During  Temperture-Change.' 

By  Fanny  Cook  Gates. 

INVESTIGATIONS  on  the  conductivity  of  the  air  caused  by  the  pres- 
ence of  the  sulphate  of  quinine  under  certain  conditions,  indicate 
that  it  accompanies  hydration  and  dehydration,  although  phosphorescent 
effects  to  which  it  may  be  directly  due,  appear  at  the  same  time.  The 
phenomenon  is  most  easily  observed  during  the  cooling  of  the  quinine 
from  something  over  100°  C.  to  room  temperature. 

Heretofore,  the  only  other  substance  known  to  produce  a  similar  effect 
is  cinchonine,  which  like  quinine,  hydrates  and  phosphoresces  upon 
cooling.  Both  substances  are  so  complex  in  structure,  that  the  exact 
chemical  changes  to  which  they  are  subject  are  studied  with  difficulty. 

During  the  investigations  described  in  the  present  paper,  a  large  num- 
ber of  substances  were  heated  to  about  150°  C,  and  the  conductivity  of 
the  surrounding  gas  was  tested  while  they  cooled.  Of  all  the  substances 
tested,  none  was  found  to  give  so  large  an  effect  as  that  which  results 
from  the  sulphate  of  quinine,  but  a  very  definite  and  marked  conductivity 
was  found  to  accompany  the  cooling  of  anthracene  and  to  a  less  degree 
that  of  grape-sugar  and  aesculin. 

The  Transmission  of  Rontgen  Rays  Through  Metallic 

Sheets.^ 
By  J.   M.   Adams. 

FOR  some  years  after  Rontgen 's  discovery  of  the  X-rays,  it  was  a 
matter  of  doubt  whether  the  absorption  of  the  rays  in  metallic 
sheets  was  accompanied  by  the  development  of  heat.  To  investigate 
this  question  by  means  of  an  instrument  different  from  those  already 

'  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  .Society,  De- 
cember 27-29,  1906. 
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used  for  this  purpose,  a  radiomicrometer  was  constructed.  The  metals 
forming  the  thermal  couple  were  constantan  and  copper.  At  one  of  the 
junctions  was  placed  a  small  disk  of  thin  platinum  to  receive  the  rays, 
the  other  junction  being  shielded  from  them.  The  sensitiveness  of  this 
radiomicrometer  was  such  that  a  radiation  of  5.6  x  io~*  gm.  cal.  per 
sec.  per  sq.  cm.  of  its  sensitive  surface  produced  a  deflection  of  one  scale 
division. 

Evidence  of  heat  developed  in  the  platinum  by  the  absorption  of 
Rontgen  rays  in  it  was  readily  obtained,  and  a  quantitative  measurement 
of  the  whole  energy  radiated  per  second  in  the  form  of  Rontgen  rays 
by  a  tube  was  made  and  was  found  to  be  of  the  same  order  of  magnitude 
as  the  results  of  those  investigators  who  had  been  able  to  observe  the 
heating  effect  at  all.*  The  necessity  of  making  correction  for  the  incom- 
plete absorption  of  the  rays  in  the  platinum  of  the  instrument,  together 
with  the  well  known  fact  that  the  character  of  Rontgen  rays  is  changed 
by  passage  through  substances,  made  it  seem  desirable  to  investigate  the 
phenomena  of  the  transmission  of  the  rays  through  metallic  sheets  more 
fully  than  has  been  done  heretofore. 

The  general  law  of  the  absorption  of  the  rays  in  a  metal,  viz.,  that 
each  successive  equal  increment  of  thickness  is  less  effective  as  an  absorb- 
ing medium  than  the  one  preceding  it,  was  confirmed  by  experiments 
with  the  radiomicrometer ;  and  curves  showing  the  relation  between  the 
thickness  of  a  metallic  sheet  and  its  absorbing  power  were  plotted  and 
were  found  to  have  the  same  general  characteristics  as  similar  curves 
which  other  investigators  had  obtained  by  means  of  the  fluoroscope,  the 
photographic  plate,  or  the  ionization  electroscope. 

The  dependence  of  the  absorbing  power  of  a  given  metallic  sheet  upon 
the  intensity  of  the  rays  incident  upon  it  was  examined  for  sheets  of 
silver,  platinum,  copper,  tin,  and  aluminium,  and  in  every  case  it  was 
found  that  the  effectiveness  of  a  sheet  as  an  absorbing  medium  is  inde- 
pendent of  the  intensity  of  the  incident  rays ;  in  other  words,  the  deflec- 
tion of  the  radiomicrometer  suffered  an  equal  percentage  reduction  upon 
the  interposition  of  a  metallic  sheet  in  the  path  of  the  rays,  whether  the 
latter  were  strong  or  weak.  The  rays  were  weakened  by  moving  the 
tube  away  from  the  rest  of  the  apparatus. 

It  was  found  that  the  effect  of  the  surfaces  of  metallic  sheets  upon 
transmission  is  small,  in  the  case  of  copper  and  of  aluminium.  To  show 
this,  a  laminated  plate  of  the  metal  in  question  was  prepared,  equal  in 
total  thickness  to  another  solid  plate  of  the  metal.  These  two  plates 
were  interposed  in  turn  in  the  path  of  the  rays,  and  produced  equal  re- 
ductions of  the  deflection  of  the  radiomicrometer. 

1  Several  recent  measurements  by  other  investigators  afford  additional  confirmation  of 
the  earlier  results,  so  far  as  the  order  of  magnitude  is  concerned. 
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The  transmission  of  a  beam  of  Rontgen  rays  through  a  metallic  sheet 
has  generally  been  supposed  to  render  the  beam  more  penetrating  toward 
a  second  sheet  of  the  same  or  of  any  other  metal  than  the  original  beam 
was.  Experiments  with  the  radiomicrometer  have  confirmed  this  view 
in  most  cases  ;  but  the  effect  of  transmission  through  silver  on  penetrat- 
ing power  for  aluminium  was  found  to  be  very  small,  while  transmission 
through  aluminium  appeared  to  decrease  the  penetrating  power  of  the 
rays  for  silver,  so  far  as  the  deflections  of  the  instrument  are  an  indication. 

Evidence  of  transformation  of  one  sort  of  ray  into  another,  in  trans- 
mission through  a  metallic  sheet,  was  sought,  with  a  negative  result. 
The  experiment  was  performed  by  interposing  in  the  path  of  the  rays  a 
opiate  made  of  two  sheets  of  different  metals  placed  face  to  face.  If 
transformation  occurs,  the  deflection  of  the  instrument  should  depend 
upon  the  order  in  which  the  rays  traverse  the  two  sheets,  for  the 
effect  of  the  second  metal  upon  rays  produced  by  the  first  would  not 
be  likely  to  be  quantitatively  the  same  as  the  effect  of  the  first  metal 
upon  rays  produced  by  the  second.  In  fact,  the  order  of  the  sheets  in 
the  plate  made  no  difference  in  any  case. 

On  the  Magnetic  Properties  of  Heusler's  Alloys.^ 

By  J.  C.  McLennan. 

N  this  paper  the  author  describes  some  experiments  made  during  the 
past  ye^r  by  Messrs.  Dawes,  McTaggart,  and  Robertson,  and  Miss 
L.  B.  Johnston  on  the  magnetostriction  and  permeability  of  Heusler's 
alloys  of  varying  composition. 

From  measurements  on  both  phenomena  the  alloys  are  shown  to  be  in 
an  exceedingly  unstable  condition  when  freshly  made  and  from  observed 
changes  in  their  magnetic  behavior  the  conclusion  is  drawn  that  pro- 
found modifications  are  made  in  their  structure  through  the  lapse  of  time 
as  well  as  by  changes  in  temperature  and  by  repeated  magnetizations  and 
demagnetizations. 

In  connection  with  the  phenomenon  of  magnetostriction  the  gradual 
shortening  observed  by  Austin  *  with  rods  of  the  alloys  subjected  to  long 
continued  high  magnetic  fields  was  shown  to  disappear  when  the  rods 
reached  a  stable  condition  after  being  repeatedly  magnetized. 

In  a  series  of  rods  containing  the  same  amount  of  manganese  with 
varying  amounts  of  aluminium  the  greatest  elongation  was  observed  with 
rods  in  which  the  manganese  and  aluminium  were  present  in  the  ratio  of 
their  atomic  weights. 

The  paper  concluded  by  emphasizing  the  suggestion  made  by  Hill '  that 

*  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  De- 
cember 27-29,  1906. 

*Phys.  Rev.,  23,  p.  498,  1906. 
»Phil.  Trans.  A.,  CXCIV.,  201,  1900. 
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possibly  the  magnetic  properties  of  these  alloys  at  room  temperatures 
are  largely  determined  by  the  temperatures  from  which  they  have  been 
cooled,  and  that  by  suitably  heating  samples  of  the  alloys  to  different 
temperatures  and  then  chilling  them  their  magnetic  properties  at  these 
temperatures  may  be  ascertained  just  as  the  structures  of  other  alloys  at 
different  temperatures  have  been  investigated  in  this  way  by  Neville*  and 
Heycock. 

Geometrical  Theory  of  Radiating  Surfaces  with  Discussion 

OF  Light  Tubes.^ 

By  Edward  P.  Hyde. 

THEORETICAL  photometry  assumes  two  general  laws  of  radiation. 
( I )  The  law  of  variation  of  the  intensity  of  illumination  of  a  sur- 
face in  inverse  proportion  to  the  square  of  the  distance  of  the  surface 
from  the  luminous  source  is  merely  a  statement  of  a  geometrical  property, 
if  the  rectilinear  propagation  of  light  is  assumed.  (2)  Lambert's  law  of 
variation  of  the  intensity  of  a  luminous  surface  in  direct  proportion  to 
the  cosine  of  the  angle  of  emission  is  an  empirical  law  based  primarily  on 
the  observation  that  a  uniformly  bright  sphere,  when  viewed  at  a  distance 
appears  as  a  uniformly  bright  disk.  It  would  seem  to  follow  from  Kirch- 
hofTs  law  that  Lambert's  cosine  law  can  be  true  only  for  a  black  body, 
but  no  satisfactory  experiments  have  been  made  so  far  as  the  writer 
knows,  to  test  the  law  empirically  in  its  application'  to  glowing  surfaces. 

These  two  laws,  the  inverse  square  law  and  the  cosine  law,  are  appli- 
cable to  the  infinitesimal  elements  of  a  radiating  surface,  and  large  errors 
may  result  if  they  are  assumed  to  apply  to  an  extended  source  as  a  whole. 
Particularly  is  this  so  in  the  case  of  the  inverse  square  law,  which  under- 
lies the  great  majority  of  photometric  measurements.  In  a  previous 
paper'  the  writer  solved  the  case  for  a  finite  cylinder  of  uniform  bright- 
ness, in  connection  with  a  study  of  Talbot's  law  as  applied  to  the  rotating 
sectored  disk.  The  curve  of  deviation  from  the  inverse  square  law  for  a 
cylinder  20  mm.  long  and  i  mm.  radius  (the  distances  used  in  applying 
the  inverse  square  law  being  measured  to  the  center  of  the  cylinder)  is 
plotted,  and  is  resolved  into  two  simple  curves  corresponding  to  the  two 
extreme  cases  of  (  i)  a  cylinder  20  mm.  long  but  with  an  infinitesimal 
radius,  and  (2)  a  cylinder  with  a  radius  of  i  mm.  but  having  an  infini- 
tesimal length. 

Another  simple  illustration  of  the  treatment  of  a  radiating  surface,  as 

*Proc  Roy.  Soc.,  LXIX.,  320,  1902. 

«  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
December  27-29,  1906.     To  be  published  in  full  in  the  Bureau  of  Sundards  Bulletin. 
*  Bureau  of  Standards  Bulletin,  Vol.  2,  p.  I,  1906. 
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distinguished  from  a  point  source,  is  had  in  the  case  of  a  uniformly  bright 
circular  disk  of  finite  radius,  for  which  the  curve  of  deviation  from  the 
inverse  square  law  is  plotted. 

In  each  of  the  above  two  cases  the  expression  is  deduced  for  the  illumi- 
nation at  different  distances  in  a  single  plane  or  along  a  single  line  sym- 
metrical with  respect  to  the  radiating  surface.  In  the  case  of  a  uniformly 
bright  strip  of  infinite  length  but  of  finite  width  it  is  not  difficult  to  derive 
the  expression  which  will  give  the  illumination  at  any  point  in  space. 
Instead  of  illumination,  however,  the  more  general  term  specific  luminous 
flux  is  substituted.  At  every  point  in  space  there  is  some  definite  direc- 
tion in  which  the  flux  of  luminous  energy  is  a  maximum.  The  quantity 
of  luminous  energy  which  in  one  second  flows  normally  across  a  surface 
of  unit  area  placed  perpendicular  to  the  direction  of  maximum  flux  is 
defined  as  the  specific  luminous  flux  at  the  point.  It  is  a  vector  quantity, 
and  the  component  in  any  direction  equals  numerically  the  difference  in 
illumination  on  the  two  sides  of  an  infinitely  thin  material  screen  placed 
perpendicular  to  the  direction. 

Since  the  problem  of  the  infinite  strip  is  one  of  two  dimensions  the 
complete  solution  is  obtained  from  a  consideration  of  a  single  plane  nor- 
mal to  the  strip  and  intersecting  it  in  the  line  MN,  Denoting  the 
specific  luminous  flux  by  ^^  it  is  foynd  that  0^  at  any  point  is  in  the  direc- 
tion of  the  tangent  at  the  point  to  the  hyperbola  having  M  and  N2& 
foci.  If  we  draw  the  system  of  con  focal  hyperbolas  and  ellipses  having 
M  and  iVas  foci,  the  hyperbolas  intercepting  equal  distances  on  the  strip 
MNj  and  if  we  remember  that  this  system  of  hyperbolas  and  ellipses  is  a 
plane  section  of  hyperbolic  and  elliptic  cylinders,  the  hyperbolic  cylin- 
ders of  unit  height  may  be  considered  as  tubes  of  light,  the  specific 
luminous  flux  being  along  the  tube  at  every  point. 

By  deducing  the  flux  of  light  across  successive  elliptic  cylinders  be- 
tween two  consecutive  hyperbolic  cylinders,  it  is  found  that  the  specific 
luminous  flux  is  solenoidal,  and  therefore  its  divergence  is  zero.  The 
elliptic  cylinders  may  be  considered  as  level  surfaces,  and  a  special  form  of 
potential  function  ^,  may  be  derived  such  that  along  any  one  hyperbola 
^^  is  proportional  to  the  rate  of  decrease  of  ^  in  the  direction  of  the 
tangent  at  the  point.  At  the  intersection  of  different  hyperbolas  with 
any  one  ellipse,  however,  ^^  is  proportional  to  the  rate  of  decrease  of  ^ 
in  the  direction  of  the  normal  to  the  ellipse,  multiplied  by  sin  y,  where 
sin  y  is  the  semi-minor  axis  of  successive  hyperbolas  corresponding  to 
different  values  of^.  It  readily  follows  that  the  second  differential  para- 
meter J  y^=  o. 

Since  two  examples  have  been  given  of  the  errors  incident  to  assuming 
for  a  finite  surface  the  inverse  square  law,  which  only  applies  to  the  ele- 
ments of  the  surface,  the  above  case  of  an  infinite  strip  is  used  to  show 


No.  2.]  THE  AMERICAN  PHYSICAL   SOCIETY,  25  I 

the  errors  incident  to  assuming  for  the  strip  as  a  whole  the  cosine  law 
which  is  true  only  for  the  elements  of  surface  of  the  strip.  The  values 
of  ^0  at  different  distances  in  a  direction  normal  to  the  strip  at  its  middle 
point,  and  in  a  direction  making  an  angle  of  45°  with  the  normal  at  the 
middle  point  are  calculated.  For  any  definite  distance  the  former  multi- 
plied by  cos  45°  would  equal  the  latter  if  the  cosine  law,  which  has  been 
assumed  for  the  elements  of  surface,  applied  to  the  surface  as  a  whole. 
The  difference  between  the  two  values  gives  the  errors  for  the  distance 
used,  and  by  plotting  the  errors  for  different  distances  a  curve  of  devia- 
tion from  the  cosine  law  is  obtained. 

The  Electrode  Equilibrium  of  the  Standard  Cell.* 
By  F.  a.  Wolff  and  C.  E.  Waters. 

SOME  experiments  recently  described  by  Hulett "  indicating  the  ex- 
istence of  a  state  of  unstable  equilibrium  in  the  Weston  cell  have, 
on  account  of  the  importance  of  the  subject,  led  to  a  further  study  of  the 
question  at  the  Bureau  of  Standards. 

The  equilibrium  between  cadmium  amalgam  and  cadmium  sulphate 
was  first  studied.  Saturated  solutions  of  the  latter  were  shaken  up  in 
air,  nitrogen,  hydrogen  and  in  vacuo  with  cadmium  amalgam,  but  no 
difference  as  great  as  10  microvolts  was  obtained  when  the  treated  solu- 
tions were  employed  in  setting  up  Weston  cells,  even  though  the  samples 
shaken  in  the  presence  of  air  were  cloudy  from  the  basic  cadmium  sul- 
phate formed. 

The  equilibrium  of  mercury,  mercurous  sulphate  and  cadmium  sul- 
phate, and  the  corresponding  system  of  the  Clark  cell  was  then  studied 
in  special  cells,  so  constructed  that  the  above  materials  could  be  rotated 
and  the  effect  determined  without  opening  the  cells. 

The  cell  consisted  of  a  tube  about  2  cm.  in  diameter  and  12  cm.  long, 
provided  at  the  lower  end  with  a  small  bulb  into  which  a  platinum  wire 
was  sealed.  The  bulb  was  connected  to  the  main  tube  by  a  narrow  neck, 
so  that,  with  sufficient  mercury  in  the  cell,  the  platinum  terminal  was 
never  in  contact  with  the  solution.  A  shorter  internal  tube  about  i  cm. 
in  diameter  with  several  lateral  openings,  sealed  in  at  the  other  end  of 
the  main  tube,  was  charged  with  amalgam  and  crystals  of  cadmium  or 
zinc  sulphate  which  were  held  in  place  by  a  plug  of  asbestos  wool.  A 
platinum  wire,  sealed  into  a  glass  tube,  to  protect  it  from  the  solution 
extended  from  the  amalgam  through  the  upper  seal,  made  after  the  intro- 
duction of  the  above  materials. 

The  mercurous  sulphate  or  cadmium  sulphate  or  zinc  sulphate  crystals 

*  Abstract  of  paper  read  at  the  New  York  meeting  of  the  American  Physical  So- 
ciety, December,  1906. 

*Phys.  Rev.,  23,  166,  August,  1906. 
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were  introduced  over  the  mercury  through  a  side  tube  by  which  the  cell 
was  next  exhausted  and  through  which  a  saturated  solution  of  cadmium 
or  zinc  sulphate  was  subsequently  introduced.  After  filling,  the  side  tube 
was  sealed  off,  leaving  only  a  small  air  bubble  in  the  cell,  thus  practically 
eliminating  the  influence  of  the  air. 

The  cells  were  then  placed  in  holders  so  arranged  that  one  dozen  could 
be  rotated  simultaneously  with  their  axes  parallel  to  the  axis  of  rotation 
and  inclined  at  a  small  angle  to  the  horizontal. 

Altogether  12  Weston  and  5  Clark  cells  of  this  type  were  set  up  with 
samples  of  mercurous  sulphate,  made  not  only  by  the  electrolytic  method 
but  also  by  several  chemical  methods. 

The  Weston  cells  after  rotating  from  one  to  two  months  in  a  constant 
temperature  oil-bath  show  changes  which  do  not  exceed  o.oi  per  cent, 
for  all  the  gray  samples  (the  grayness  probably  due  to  very  finely  divided 
mercury)  except  in  one  case  in  which  the  platinum  terminal  was  pur- 
posely exposed  to  the  solution. 

The  white  samples  generally  showed  effects  several  times  as  great  as 
the  gray  ones,  but  not  a$  large  as  found  by  Dr.  Hulett.  There  also 
seems  to  be  a  tendency  to  reach  a  maximum,  and  then  to  approach 
normal  values. 

One  Weston  cell  set  up  with  basic  cadmium  sulphate  has  remained  as 
constant  as  any  of  the  others,  its  value  being  a  few  parts  in  100,000 
below  normal. 

The  Clark  cells  showed  effects  of  the  same  nature  as  the  Weston,  but 
in  general  the  differences  were  even  less,  particularly  for  the  white  sam- 
ples of  mercurous  sulphate. 

No  initial  low  values,  as  described  by  Hulett,  were  ever  obtained. 

The  above  results  are  given  to  show  that  not  all  samples  of  mercurous 
sulphate  exhibit  the  behavior  observed  by  Hulett  and  that  the  gray 
samples  were,  after  a  rotation  of  several  months,  still  in  agreement  with 
cells  of  the  usual  construction  to  within  o.oi  per  cent. 

This  investigation  is  still  under  way  and  when  completed  the  results, 
with  full  details,  will  be  published  in  the  Bulletin  of  the  Bureau  of 
Standards. 

The  Standard  Cell.* 
By  Frank  A.  Wolff  and  C.  E.  Waters. 

THE  paper  is  a  resume  of  the  work  done  by  the  authors,  at  the  Bureau 
of  Standards,  on  the  reproducibility  of  the  Clark  and  Weston 
standard  cells. 

Mercurous  sulphate,  the  component  to  which  most  of  the  differences, 

1  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  De- 
cember 27-29,  1906. 
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in  the  past,  may  be  attributed,  was  prepared  by  the  following  methods. 

1.  The  electrolytic  method,  devised  independently  by  Carhart  and 
Hulett  and  one  of  the  authors,  in  which  the  mercurous  sulphate  is  formed 
by  the  passage  of  the  current  from  a  mercury  anode,  the  electrolyte  being 
sulphuric  acid.  Current  densities  from  less  than  o.  i  to  more  than  9  amperes 
per  square  decimeter  were  employed  while  the  strength  of  acid  varied 
from  20  to  400  grams  per  liter.  Two  different  forms  of  apparatus  were 
used  and  the  stirring  was  varied  between  wide  limits. 

2.  By  the  recrystallization  of  commercial  samples  from  strong  sulphuric 
acid  under  various  conditions  (5  samples). 

3.  By  the  action  of  fuming  sulphuric  acid  on  metallic  mercury  (i 
sample). 

4.  By  treatment  of  mercurous  nitrate  with  sulphuric  acid  (2  samples). 

5.  By  reduction  of  mercuric  sulphate  by  metallic  mercury  (2  samples). 

6.  By  reduction  of  mercuric  sulphate  by  SO,  (2  samples). 

7.  By  the  direct  action  of  rather  strong  sulphuric  acid,  containing  a 
small  percentage  of  nitric  acid,  on  mercury  (6 -samples). 

In  addition  six  commercial  samples  were  treated  as  follows : 

8.  By  digestion  with  hot  1:4  sulphuric  acid  and  mercury  for  several 
hours  (6  samples). 

9  and  10.  By  digestion  in  the  cold  with  1:4  sulphuric  acid  since  April, 
1904  (two  lots  of  5  and  4  samples  respectively). 

II.  By  digestion  in  the  cold  with  1:6  sulphuric  acid  and  mercury  since 
October,  1905  (6  samples). 

In  addition  two  samples  of  mercurous  sulphate  made  by  Professor 
Hulett  were  available. 

Weston  and  Clark  cells  were  set  up  for  each  of  these  samples,  the 
remaining  ingredients  being : 

Mercury  redistilled  at  reduced  pressure. 

Cadmium  —  electrolytic,  obtained  from  Kahlbaum  and  the  same  redis- 
tilled several  times  in  vacuo. 

Cadmium  sulphate  —  two  samples  obtained  from  Kahlbaum.  Recrys- 
tallized  —  cloudy  crystals. 

Zinc  from  Kahlbaum  grade  I.  and  the  same  redistilled  in  vacuo. 

Zinc  sulphate  —  samples  from  Kahlbaum  and  Baker  recrystallized. 

The  Results. 

Of  55  Weston  cells  set  up  with  38  samples  of  electrolytic  mercurous 
sulphate,  the  deviation  of  31  from  the  mean  of  all  was  within  zfc  10  micro- 
volts, of  14  from  10  to  15  microvolts  and  of  5  from  15  to  20  microvolts. 
Of  the  remaining  five  (maximum  deviation  less  than  50  microvolts)  there 
were  4  duplicates  of  which  the  deviation  did  not  exceed  11  microvolts. 
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Resumi  of  Results. 


Number  of 
Samples. 
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Mercurous 
Sulphate. 
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tion Prom  Mean. 

Method  1 
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10 
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11 
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6 

+70 

8 
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Hulet'sl. 

1 

2 

+30 

3 

+32 

**  II. 

1 

3 

-01 

3 

+07 

Of  5  7  Clark  cells  set  up  with  the  same  samples  of  mercurous  sulphate, 
35  differed  from  the  mean  of  all  by  less  than  lo  microvolts,  15  by  10 
to  15  microvolts,  6  by  15  to  25  microvolts,  while  the  remaining  cell  dif- 
fered by  36  microvolts  from  the  mean. 

The  results  for  all  the  samples  of  mercurous  sulphate  are  given  in  the 
table  above. 

In  addition  22  Weston  cells  were  set  up  to  determine  what  variations 
might  be  introduced  from  the  cadmium  sulphate,  and  whether  there  were 
any  electromotive  differences  between  clear  and  cloudy  crystals  as  sug- 
gested by  Prof.  Hulett.  Eight  samples  in  all,  recrystallized  from  acid, 
basic  and  neutral  solutions,  were  tried  and,  excluding  one  sample  precipi- 
tated at  high  temperature  and  no  doubt  inverted,  the  mean  deviation 
from  the  electrolytic  cells  was  found  to  be  —  6  microvolts  with  a  range 
of  4-  9  to  —  29  microvolts. 

The  values  obtained  from  day  to  day  generally  agree  to  within  a  few 
parts  per  million  and  although  most  of  the  Weston  cells  of  the  Bureau  are 
seven  months  old  no  tendency  toward  a  decrease  in  electromotive  force 
as  observed  by  Hulett  has  been  found.  A  small  number  of  cells  which 
showed  high  initial  values  have  decreased,  but  not  below  the  mean  of  all 
the  cells  made  with  electrolytic  mercurous  sulphate.  The  same  remark 
applies  to  samples  made  by  the  various  chemical  methods  employed. 

In  addition,  the  ratio  of  Clark  to  Weston  cells  was  determined  from 
time  to  time,  but  the  small  differences  observed,  amounting  to  two  or 
three  parts  in  100,000,  and  including  errors  of  temperature  measurement 
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and  those  due  to  defective  insulation  of  the  cells  in  the  bath  and  between 
the  individual  coils  of  the  high  resistance  potentiometer  employed,  indi- 
cate an  apparent  increase  of  the  Weston  cells,  or  a  decrease  of  the  Clark 
cells. 

A  number  of  Weston  cells  recently  set  up  have  somewhat  smaller 
values  than  the  older  cells,  prepared  from  the  same  materials,  but  the 
difference  does  not  exceed  10  microvolts. 

Clark  and  Weston  cells  have  been  exchanged  with  Professor  Hulett 
and  very  recently  with  Professor  Carhart  and  Professor  Guthe.  In  addi- 
tion four  electrolytic  Weston  cells  made  at  Cornell  University  by  Mr. 
Wold  have  been  compared  at  the  Bureau.  The  results  of  these  compari- 
sons are  given  below  in  terms  of  the  means  of  the  Bureau  cells. 


Prof.  Hulett . 

<(  <( 

(<  <( 

Prof.  Carhart, 
it         t( 

Prof.  Guthe.. 
Mr.  Wold.... 


Weston  Cells. 


Cell. 


A* 

or 

No.  5 
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No.  24 
No.  27 
No.  20 
No.  21 


Mean  Difference 
in  Microvolts. 
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-9 
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-15 


Clark  Cells. 

Cell. 

Mean  Difference 
in  Microvolts. 

"is 

-15 

+5 

c, 

00 

A, 

+65 

In  addition  two  other  cells  made  by  Professor  Hulett  have  been 
under  observation  since  July,  1906.  F,,  one  of  the  first  electrolytic  cells 
set  up  by  him  several  years  ago,  has  steadily  decreased  form  —  10  to 
—  150  microvolts,  while  0^  has  shown  great  fluctuations,  the  value 
ranging  from  —  100  to  -f  32  to  —  60. 

While  the  direct  comparison  of  cells  made  by  Professor  Hulett  with 
those  made  at  the  Bureau  shows  a  discrepancy  of  25-45  microvolts,  cells 
made  by  the  anthors  with  sample  II.  of  mercurous  sulphate  show  that  the 
differences  are  probably  not  due  to  the  mercurous  sulphate  used  but  to 
some  difference  in  the  other  materials  or  in  the  specifications  employed. 

Samples  of  the  various  materials  will  therefore  be  exchanged  with  other 
investigators  in  this  field,  to  determine  the  cause  of  difference,  and  it  is 
confidently  expected  that  as  excellent  agreement  as  is  here  shown  can  be 
reached  by  all  when  the  same  specifications  are  followed. 

Further  work  is  in  progress  at  the  Bureau  of  Standards  on  the  remain- 
ing cell  materials  and  on  other  factors  which  might  influence  the  elec- 
tromotive force,  e.  g.,  size  of  grain,  depth  of  paste,  influence  of  diffusion, 
influence  of  added  impurities.  A  careful  determination  of  the  tempera- 
ture coefficients  will  also  be  made. 
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The  main  conclusions  to  be  drawn  are  that  since  samples  of  mercurous 
sulphate  of  uniform  electromotive  properties  can  be  made  by  a  number 
of  different  methods,  and,  since  the  remaining  materials  used  in  the  con- 
struction of  standard  cells  can  be  obtained  in  an  exceedingly  pure  state, 
that  Clark  and  Weston  standard  cells  are  reproducible  to  within  two  or 
three  parts  in  100,000,  that  they  reach  a  permanent  value  within  a  few 
days,  and  that  when  set  up  with  proper  materials  the  Weston  cell  can  be 
depended  on  as  constant  well  within  the  above  limits  for  a  considerable 
period. 

Another  conclusion  that  might  be  drawn  is  that  the  standard  cell  has  a 
marked  superiority,  both  in  ease  and  accuracy  of  reproduction  over  the 
silver  coulometer  as  a  fundamental  electrical  standard,  particularly  as  the 
results  obtainable  with  the  latter  can  only  be  preserved  by  the  aid  of  a 
standard  current  balance,  or  the  combination  of  a  standard  resistance  and 
a  standard  cell,  all  of  which  must  be  assumed  constant  between  silver 
coulometer  measurements. 

With  materials  at  hand,  and  if  necessary,  these  could  be  procured  by 
investigators  from  the  various  National  Physical  Laboratories,  a  number 
of  cells  can  very  readily  be  set  up  in  far  less  time  than  that  required  for 
a  coulometer  pieasurement,  and  with  a  greater  certainty  of  reproducing 
the  volt  than  is  possible  by  the  coulometer  and  standard  resistance,  both 
of  which  are  subject  to  error. 

The  choice  of  the  standard  cell  and  the  standard  resistance  as  funda- 
mental standards  is  besides  the  most  logical  as  practically  all  voltage  and 
current  measurements  of  precision  are  made  by  the  potentiometer  method 
and  thus  directly  in  terms  of  the  standard  cell  or  the  combination  of  a 
standard  cell  and  a  standard  resistance. 

Considerable  work  has  already  been  done  along  other  lines  and  will, 
with  the  full  details  of  this  paper,  be  published  an  early  number  of  the 
Bulletin  of  the  Bureau  of  Standards. 
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MODIFICATIONS  OF  THE  MAXWELL-RAYLEIGH  AND 
THE  ANDERSON  METHODS  FOR  THE  MEAS- 
UREMENT OF  THE  COEFFICIENT  OF 
SELF-INDUCTION. 

By  Anthony  Zeleny. 

I.  The  Maxwell-Rayleigh  Method. 
"^  I  "HE  Maxwell-Rayleigh  method^  for  the  measurement  of  the 
^  coefficient  of  self-induction  is  theoretically  more  free  from 
doubtful  corrections  than  any  other  known  method.  It  has  been 
discarded,  however,  on  account  of  an  experimental  difficulty.  The 
form  in  which  the  method  was  left  by  Lord  Rayleigh  necessitates, 
in  addition  to  balancing  the  Wheatstone  bridge  and  a  ballistic  gal- 
vanometer throw,  a  deflection  of  the  galvanometer  produced  by  the 
continuous  current  when  one  arm  of  the  bridge  has  been  overbal- 
anced by  a  very  small  and  known  amount.  After  the  introduction 
of  this  small  resistance  and  during  the  interval  required  for  the  de- 
flecting needle  or  coil  to  come  to  rest  the  resistance  of  the  copper 
inductance  coil  is  changed  by  heating  due  to  the  current  and  by 
variations  in  the  temperature  of  the  room,  so  that  when  the  gal. 
vanometer  reading  is  observed  the  deflecting  current  is  produced  by 
an  overbalancing  resistance  which  differs  from  the  small  known 
resistance  introduced.  The  amount  of  change  in  the  resistance  of 
the  copper  coil  is  unknown  and  is  usually  sufficient  to  render  results 
uncertain  within  one  per  cent. 

The  modification  of  the  method  here  described  renders  the  ob- 

>Phil.  Trans.,  R.  S.,  1882,  p.  677  ;  Henderson,  Practical  Electricity  and  Magnetism  » 
1898,  p.  301. 
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jectionable  measurement  unnecessary  and  makes  of  it  a  convenient 
and  an  accurate  method.     In  the  Wheatstone  bridge,  Fig.  i,  let 
^1  =  the  inductive  resistance, 
R^,  Ry  R^  =  the  non-inductive  resistances, 
G  =  resistance  of  the  galvanometer  branch, 

L  =  coefficient  of  self-induction  of  R^^ 
I  =  current  in  the  main  circuit, 
/j  =  current  in  the  inductive  coil  R^. 
Also   let    i  =  induced  current   flowing 
through  R^, 
q  =  the  quantity  of    induced 
electricity  passing  through 
the  galvanometer, 
(2  =  whole  quantity  of  induced 
^*    *  electricity  passing  through 

the  bridge  on  the  opening  of  the  main  circuit, 
R  =  the  resistance  of  the  Wheatstone  net  around  the  circuit 
with  R^,  the  sources  of  the  induced  electromotive  force,  as 
the  origin. 

When  the  circuit  is  opened  by  means  of  the  key  K,  after  a  bal- 
ance has  been  obtained,  the  induced  electromotive  force 


dt 


and 


e         e       JR      QR 


dl, 
dt 


I. 


(I) 


Q  is  calculated  from  the  measured  quantity  q  and  the  known  re- 
sistances. R  is  obtained  from  the  known  resistances,  and  /,  from 
the  measured  current  /  and  the  known  resistances.  All  of  these 
quantities  can  be  determined  with  accuracy. 

For  convenience  of  calculation  the  terms  from  which  the  quanti- 
ties Q,  R  and  /,  are  calculated  will  be  substituted  for  these  quanti- 
ties in  the  equation  (I). 


?=* 


.•.(2  = 


R^  +R^  +  G 
R,  +  R, 
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j^    {r.+r:^i r     _   ^ ' 


■      R,^R^^R,^R,  R,  +  R,-         R,.  (IV) 

(„*   ,      *  =  >/-    because  when  the  bridge  is  balanced    J  =  -^^  I . 
Substituting  these  values  in  equation  (I), 

When  the  quantity  q  is  measured  by  comparison  with  the  free 
charge  *  of  a  standard  condenser, 

q:  CE::d:D 

CE 
and  ^  =-/>'''  (^^) 

where  d  is  the  throw  due  to  q  and  Z>  the  throw  due  to  the  quantity  CE, 
Substituting  this  value  of  q  in  equation  (V), 

When  the  quantity  q  is  measured  by  comparison  with  the  quan- 
tity induced  in  the  secondary  circuit  of  a  standard  mutual  induc- 
tance coil  *  whose  coefficient  of  self-induction  is  M,  the  quantity  of 
induced  electricity,  Q  —  MIp-jR^ 

and  q.-  ;^^^  d 

When  /?j  =  /?3  and  R^  =  R^,  as  is  usually  the  case,  equation 
(VII)  becomes 

» A.  Zeleny,  The  Capacity  of  Mica  Condensers,  Phys.  Rev.,  1906,  Vol.  22,  p.  65. 
«A.  Zeleny,  Galvanometer  Measurements,  PHVS.  Rev.,  1906,  Vol.  23,  p.  399. 
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and  equation  (VIII)  becomes 

For  simplifying  the  calculations,  Gcan  be  made  some  exact  mul- 
tiple of  -^2  by  introducing  the  proper  resistance  into  the  galvanom- 
eter circuit. 

Absolute  Measurements. 

The  coefficient  of  self-induction  may  be  determined  by  means  of 
any  one  of  the  equations  (VII),  (VIII),  (IX)  or  (X).  The  equation 
(IX),  however,  is  to  be  preferred  ordinarily  on  account  of  its  sim- 
plicity and  the  ease  with  which  the  necessary  measurements  are 
made.  The  limit  of  attainable  accuracy  is  that  of  direct  deflection 
methods,  i,  e,,  about  ,oi  per  cent,  but  may  be  somewhat  increased 
by  use  of  the  differential  galvanometer.  The  error  due  to  the 
small  self-inductance  in  the  non-inductive  arms  of  the  bridge  and  to 
the  electrostatic  capacity  of  all  of  the  four  arms  is  very  small  and 
should  become  appreciable  only  in  the  measurement  of  very  small 
inductances.  The  error  introduced,  however,  is  much  smaller  than 
with  any  of  the  alternating  current  methods. 

.  Comparison  Measurements. 

This  method  may  be  employed  to  compare  coefficients  of  self- 
induction  with  a  standard  self-inductance.  The  three  non-induct- 
ive resistances  and  the  galvanometer  resistance  are  maintained  con- 
stant, and,  in  the  fourth  arm  of  the  bridge,  a  variable  non-inductive 
resistance  is  placed  in  series  first  with  the  standard  inductance  coil 
and  then  with  the  one  of  unknown  inductance.  This  non-inductive 
resistance  is  varied  in  obtaining  the  balance  first  for  the  standard 
and  then  for  the  unknown  inductance.  The  current  may  be  varied, 
if  desirable,  so  that  approximately  equal  throws  are  obtained  in  the 
two  cases.  In  the  expressions  for  the  values  of  the  coefficients  as 
obtained  from  equation  (VII)  all  of  the  quantities  except  d  and  / 
are  common  to  both,  so  that 
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and 


But  if  the  current  is  left  unchanged 


(XI) 


(XII) 


and  the  only  observations  necessary  are  the  throws  given  by  the 
known  and  unknown  inductances.  If  the  electromotive  force  is 
constant  the  current  need  not  be  observed,  because  when  a  balance 
is  obtained  the  total  resistance  in  the  circuit  is  the  same  in  the  two 
cases. 

Experimental   Results. 

In  a  series  of  measurements  by  this  method  the  apparatus  em- 
ployed was  arranged  as  shown  in  diagram  in  Fig.  2.  R^,  R^  and 
R^  represent  three  arms  of  the  Wheatstone  bridge.  In  the  fourth 
arm  are  the  inductive  resistance  whose  coefficient  of  self-induction 


aaV-) 


Fig.  2. 

L  is  to  be  measured,  the  adjusting  resistance  J/,  and  the  sliding 
resistance  S  which  is  described  in  detail  later.  U  represents  the 
shunt  employed  during  the  adjustment  of  the  balance  and  V  the 
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short-circuiting  key  used  in  bringing  the  coil  to  rest  so  as  not  to 
pass  beyond  the  null  point.  P  is  a  secondary  circuit  for  compen- 
sating any  thermo-electric  current  that  may  exist  in  the  galvanometer 
circuit.*  The  resistance  G  in  the  galvanometer  circuit  can  be  varied 
by  means  of  the  resistance  r.  -^  is  a  standard  resistance  employed 
for  measuring  the  current  in  the  main  circuit,  the  difference  of  poten- 
tial between  its  binding  posts  being  determined  by  a  Wolff  potentiom- 
eter. By  means  of  a  single  tap,  the  key  K  opens  the  main  circuit 
and  after  all  the  measurable  part  of  the  induced  electricity  has 
passed  through  the  Wheatstone  net,  but  before  the  galvanometer 
coil  has  turned  an  appreciable  distance,  it  opens  the  galvanometer 
circuit.  The  quantity  of  electricity  passing  through  the  galvanom- 
eter can  then  be  compared  directly  with  the  quantity  discharged 
from  a  standard  condenser.  (See  former  papers  of  the  writer,  re- 
ferred to  above.) 

A  proper  construction  of  the  sliding  resistance  5  is  essential  for 
the  convenience  and  success  of  this  method.     The  contacts  must  be 


Fig.  3. 

good  and  the  slide  easily  moved  so  that,  if  necessary,  the  operator 
can  give  it  a  continuous  slow  motion  and  thereby  compensate  for  the 
gradual  change  of  resistance  due  to  the  alteration  of  the  temperature 
of  the  inductance  coil.  The  sliding  resistance  employed  is  shown  in 
Fig.  3.  It  is  composed  of  two  wires,  each  35  cm.  long,  one  being  a 
No.  16  copper  and  the  other  being  a  No.  16  manganin  wire.  The 
resistance  of  the  manganin  wire  is  a  little  more  than  .05  ohm,  so 
that  with  0.1  ohm  as  the  smallest  resistance  in  the  adjusting  box, 
Mf  a  perfect  balance  can  be  obtained  by  first  adjusting  the  resistance 
in  the  box,  then  the  slide  on  the  manganin  wire,  and  finally,  for  the 
most  accurate  adjustment,  the  slide  on  the  copper  wire.  Each  slide 
consists  of  a  block  of  copper  3.5  cm.  long,  with  a  hole  through  its 

<  A  Leeds  and  Northrup  H  type  moving  coil  gaWanometer  of  127  ohms  resistance  was 
employed. 


No.  3.]  COEFFICIENT  OF  SELF-INDUCTION,  263 

center  of  the  same  diameter  as  that  of  the  wire.  A  part  of  each 
slide  is  cut  into  two  pieces,  as  shown  in  the  figure,  and  the  two 
parts  are  held  together  by  a  strong  rubber  band  (not  shown)  and 
kept  from  sliding  sidewise  by  the  pins  55.  The  face  of  the  smaller 
section  was  filed,  so  as  to  always  make  a  contact  at  the  end  of  the 
block.  This  makes  a  satisfactory  slide,  free  from  contacts  having 
strong  thermo-electric  power.  It  is  necessary,  however,  to  polish 
the  wires  with  fine  emery  cloth  before  using.  This  is  especially 
true  of  the  copper  wire ;  a  small  quantity  of  oxide  making  the  re- 
sistance of  the  contact  variable  so  that  no  satisfactory  adjustment 
is  possible. 

After  a  balance  of  the  bridge  was  obtained  the  thermo-electric 
current  in  the  galvanometer  circuit  was  compensated  and  then  again 
the  final  balance  of  the  bridge  made.  The  quantity  of  induced 
electricity  passing  through  the  galvanometer  at  the  opening  of  the 
main  circuit  was  compared  with  the  quantity  discharged  from  a 
standard  condenser.  The  resistance  of  the  galvanometer  circuit 
was  measured  after  each  set  of  observations. 

The  coefficients  for  two  coils  wound  on  the  same  spool  were  de- 
termined ;  and  to  test  the  accuracy  of  the  values  obtained,  the  co- 
efficients of  the  two  placed  in  series  with  the  currents  first  in  the 
same  and  then  in  opposite  directions  were  determined  as  was  also 
the  coefficient  of  mutual  induction. 

The  following  observations  were  common  to  all  the  self-induc- 
tion determinations : 

/=  20^.2  to  20^.3  C. 

^j  =s  ^^  =  99-99  ohms. 

A  ==  9.9966  ohms. 

/?5  =  40.000  except  in  case  of  coil  No.  2,  where  R^  =  10.014  ohms. 

E.M.F.  of  standard  cell  on  potentiometer  =  1.01869  (German)  volts. 

E.M.F.  of  standard  cell  used  for  charging  condenser  =  1.01883 
(German)  volts. 

C=  1.00136  X  lO"*  farads. 

Distance  of  straight  scale  =«  127.2  cm. 

The  remaining  data  are  given  in  Table  I. 
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Table  I. 


Coils. 


Induction 
Throws  (</). 


Condenser 
Throws  (/)). 


No.  I+N0.2 
No.  I-N0.2 
No.  1 
No.  2  ' 

Mutual  in-  1 
ductance  of 
No.  1  and  No. 


19.421i:« 

19.471 
19.535 
19.216 


19.730 


1 


19.908  ±* 
19.893 
19.824 
19.445 


19.700 


Potentiom- 
eter Read- 
ing-Volts. 

0.50906*' 
0.50895 
0.50877 
0.93644 


0.69205 


R  of  Galv. 
Circuit. 


L  in  Henrys. 


1686.0  ±>    j      .095391 
393.75  .024766 


865.82 
I       363.65 

I      Resistance 
of  secondary 
circuit. 
11%.  12. 


.051049 
.009042 


M  in  Henrys 


.017653 


The  lower  part  of  Table  I  contains  the  observations  necessary, 
in  addition  to  the  above  data,  for  the  determination  of  the  coeffi- 
cient of  mutual  induction  of  the  two  coils.  The  method  used  was 
that  employing  the  relation  ^W=  QRs\Ipy  the  main  and  secondary 
circuits  being  opened  in  succession  as  in  the  self-induction  determi- 
nations. The  apparatus  was  arranged  as  shown  in  diagram  in  Fig. 
4,  the  parts  serving  a  similar  purpose  as  those  in  Fig.  2  are  repre- 
sented by  similar  characters,  while  C  re- 
presents the  two  inductance  coils. 

The  galvanometer  throws  given  are  the 
average  of  five  or  more,  varying  among 
themselves  by  an  amount  rarely  exceeding 
.01  cm.,  and  all  have  been  changed  from 
the  observed  straight  scale  to  the  equivalent 
circular  scale  readings. 

The  coefficients  of  the  two  coils  when  in 
series  with  the  current  in  the  same  direction 
(Zj^j)  and  with  the  current  in  opposite  directions  (Zj.g)  are  given 

by  the  equations  : 

L,^^  =  L,  +  L^-\-  2/1/, 

Zj_2  =  Zj  -h  Z2  -  2 J/, 
where  Mis  the  coefficient  of  mutual  induction.     Hence 


and 


+  /.._,  =  2(Z,  +  Z,) 


III+2        lL-2  __   nr 


(XIII) 
(XIV) 
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Substituting  the  determined  values  as  given  in  Table  I : 
In  equation  (XIII) 

2(Zi-fZ2)    =.120182 

Difference  =  .000025  =  .021  per  cent. 
In  equation  (XIV) 

^^A±2_zA-2=  .017656 

The  independently 
determined  value  o{  M  =  .017653 

Difference  =  .000003  =  .017  per  cent. 

This  test  shows  that  the  results  obtained  are  correct  within  the 
limits  of  observational  error  as  the  greater  of  the  two  differences, 
/.  e.,  .021  per  cent,  would  be  introduced  by  a  constant  error  of  less 
than  one-half  a  tenth  of  a  millimeter  in  the  observed  throws.  It 
also  shows  that  in  the  employment  of  this  method  the  error  due  to 
the  self-induction  in  the  non-inductive  resistances^  and  to  their  elec- 
trostatic capacities  must  be  very  small. 

II.     The  Anderson  Method. 

The  Anderson  method  and  its  modifications  have  been  accepted 
by  many  as  the  most  satisfactory  of  all  the  known  methods.  For 
this  reason,  a  comparison  of  the  results  obtained  by  the  above 
modified  Maxwell-Rayleigh  method  was  made  with  the  results 
obtained  by  this  one  which,  however,  it  was  found  necessary  to 
modify  as  described  below. 

A  Modification  of  the  Original  Null  Method.  — In  the  original 
Anderson  method  as  it  is  now  commonly  employed  the  condenser 
remains  permanently  connected  in  the  circuit  so  that,  after  a  balance 
is  obtained  and  the  circuit  is  opened,  the  liberated  absorbed  charge 
as  well  as  the  free  charge  of  the  condenser  affects  the  galvanometer. 
For  this  reason  the  results  obtained  are  dependent  upon  the  period 
of  the  galvanometer  and  upon  the  resistance  in  the  condenser  circuit, 
and  may  be  in  error  by  more  than  one  per  cent,  even  when  a  good 
condenser  is  employed.  No  accurate  determinations  can  be  made 
in  this  way  unless  the  effective  capacity  of  the  condenser  for  the 

•  A  Leeds  and  Northrup  box  bridge  with  coils  wound  on  wooden  spools  was  employed. 
2A.  Anderson,  Phil.  Mag.,  1891,  XXXI.,  p.  329. 


266  ANTHONY  ZELENY,  [Vol.  XXIV. 

particular  apparatus  is  first  obtained,  but  this  is  not  practicable. 
The  capacity  values  of  standard  condensers  are  usually  determined 
by  standardizing  bureaus  by  an  intermittent  current  method  giving 
lOO  interruptions  per  second.  This  should  give  the  **  free  charge  ** 
capacity  values  of  good  condensers  with  sufficient  accuracy  for  all 
ordinary  purposes.  The  rated  values  can  therefore  be  employed 
when  using  the  condensers  as  described  in  a  previous  papcr.^ 

The  determinations  by  this  method  were  made  therefore  by  using 
the  discharge  key  shown  in  Figs.  2  and  4,  the  main  and  the  gal- 
vanometer circuits  being  opened  in  succession,  as  in  the  cases  pre- 
viously described.  The  rated  capacity  value  of  the  condenser  was 
then  the  effective  value.     The  results  obtained  were 

by  the  Modified  Maxwell-Rayleigh  Method  L  =  .095391  ±  9 

and  by  the  Modified  Anderson  Method       L  =  .095386  zfc  9, 

an  agreement  well  within  the  limits  of  observational  error.     For  the 

same  degree  of  sensitiveness,  however,  the  Anderson  method  required 

a  current  strength  three  times  that  employed  in  the  other  method. 

The  Secohmmeter  Method.  —  The  value  of  the  coefficient  for  the 
same  coil  was  obtained  by  using  the  Anderson  method  modified  *  by 
alternating  the  current  by  means  of  a  secohmmeter.  The  object 
was  to  compare  the  results  with  those  obtained  with  the  other 
methods  and  to  observe  the  variations  with  the  change  of  speed  of 
the  secohmmeter.  The  electrostatic  effects  due  to  the  commutator 
were  eliminated  in  the  usual  manner.^  The  currents  in  the  various 
branches  did  not  effect  the  inductance  in  the  coil,  for  when  a 
balance  was  obtained  no  appreciable  change  was  observed  on 
reversing  the  coil,  which  was  placed  about  a  meter  from  the  other 
parts  of  the  apparatus. 

The  chief  difficulty  experienced  was  from  the  thermo-electric 
current  due  to  the  unequal  warming,  by  friction,  of  the  brushes  on 
the  commutator.  To  correct  for  this,  the  sechommeter  was  brought 
to  rest  after  a  preliminary  balance  was  obtained  and  the  null  point 
taken  as  affected  by  the  thermo-electric  current.  The  final  balance 
was  then  made  using  the  new  null  point.  The  mag^tude  of  this 
correction  affected  the  results  by  .04  per  cent,  at  the  lowest  and  by 

'  A.  2^1eny,  loc.  ciL 

'Fleming  and  Qinton,  Phil.  Mag.,  1903,  V.,  p.  493. 

•The  Electrician  (London),  1897,  p.  379. 


No  3.] 


COEFFICIENT  OF  SELF-INDUCTION, 


267 


.005  per  cent,  at  the  highest  speed  employed.  The  thermo-electric 
current,  however,  was  somewhat  irregular  so  that  at  the  lower 
velocities  an  error  of  .01  per  cent,  due  to  this  cause  is  possible. 
The  results  obtained  are  given  in  Table  II. 

Table  II. 


No.  of  Alter- 
nations per 
Second. 

L 

Increment 
Xxo«. 

0 

10.16 
15.62 
27.6 

.095386 
.095442 
.095499 
.095545 

56 
113 
159 

No.  of  Alter. 

nations  per 

Second. 

L 

Increment 
Xxo«. 

34.6 
42.6 
50.0 
57.6 

.095559 
.095565 
.095581 
.095590 

173 
179 
195 
204 

For  the  same  current  flowing  through  the  main  circuit  this 
method  for  the  higher  speeds  was  about  200  times  as  sensitive  as 
the  same  method  when  employed  without  the  secohmmeter,  but  on 
account  of  continuous  variations  of  the  balance  the  actual  working 
sensibility  was  only  about  ten  times  as  great.  It  appears  from 
Table  II.,  that  notwithstanding  the  great  sensitiveness  of  this 
method  it  cannot  be  employed  for  measurements  of  the  highest 
accuracy  without  the  application  of  doubtful  corrections  of  consider- 
able magnitude. 

These  variations  of  the  values  are  due  principally  to  the  effect  of 
the  inductances  in  the  non-inductive  branches  and  to  the  electro- 
static capacity  in  all  the  branches,  the  effect  varying  with  the  rate 
of  the  alternations.  This  subject  is  ably  treated  by  Rosa  and 
Grover.'  The  variations  are  no  doubt  due  partly  also  to  the  vary- 
ing effect  of  the  absorbed  charges  in  the  condenser. 

Summary. 
The  experimental  difficulty  of  the  Maxwell-Rayleigh  method  for 
measuring  the  coefficient  of  self-induction  is  avoided  by  omitting  the 
measurement  with  the  small  known  resistance  for  disturbing  the 
balance  in  the  Wheatstone  net  and  substituting  for  it  the  measure- 
ment of  the  current  in  the  main  circuit.  The  modified  method 
presents  for  work  of  precision  an  advantage  over  all  other  known 
methods  on  account  of  a  greater  freedom  from  uncertain  corrections. 

^  Bulletin  of  the  Bureau  of  Standards,  1905,  Vol.  I.,  p.  304. 
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The  method  as  expressed  by  equation  (i)  is  also  valuable  from  an 
educational  standpoint  on  account  of  the  simplicity  of  the  mathe- 
matical relations  involved. 

A  simple  modification  enables  the  comparison  of  inductances  to 
be  made  with  ease. 

The  Anderson  null  method  as  modified  by  the  writer  so  as  to 
render  only  the  free  charge  of  the  condenser  effective  is  shown, 
experimentally,  to  be  capable  of  as  high  a  degree  of  accuracy  as  the 
modified  Maxwell-Rayleigh  method.  It  possesses  a  slight  dis- 
advantage from  a  theoretical  standpoint,  is  less  sensitive,  and 
requires  a  double  balancing  ;  but  has  the  advantage  of  being  a  null 
method  and  of  not  requiring  the  measurement  of  several  electrical 
quantities  necessary  in  the  employment  of  the  other  method. 

The  modification  of  the  Anderson  method  by  the  employment  of 

a  secohmmeter  gives  results  varying  appreciably  with  the  rate  of 

the  alternations  of  the  current. 

Physical  Laboratory, 

The  University  of  Minnesota, 
December  22,  1906. 
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THE  ABSORPTION  OF  HYDROGEN  BY  METAL  FILMS. 

By  Walter  Heald. 

I  T  is  known  that  under  certain  conditions  a  number  of  the  metals 
'■'  absorb  gas.  Some,  such  as  silver  and  gold,  are  capable  when 
in  a  molten  state  of  absorbing  it  from  the  air,  as  is  the  case  with 
other  liquids,  this  gas  being  given  up  again  when  the  metal  solidi- 
fies. Palladium  absorbs  very  large  quantities  of  hydrogen  even 
when  in  the  solid  state.  For  instance,  if  a  piece  of  palladium  is 
used  as  the  negative  pole  in  the  electrolysis  of  a  dilute  solution  of 
sulphuric  acid,  it  takes  up  about  nine  hundred  times  its  own  vol- 
ume of  hydrogen. 

Skinner  *  has  found  that  most  of  the  metals  give  off  hydrogen 
when  used  as  cathode  in  a  discharge  tube,  which  shows  that  in 
their  natural  condition  the  metals  contain  a  certain  amount  of 
absorbed  hydrogen. 

In  the  present  investigation,  while  trying  to  determine  the  quantity 
of  gas  that  a  given  amount  of  metal  evolved  when  vaporized  by  a 
large  electric  current  in  an  atmosphere  of  hydrogen,  it  was  noticed 
that  after  the  vaporization  took  place,  the  gas  pressure  gradually 
decreased.  This  could  not 'be  accounted  for  by  a  decrease  in  tem- 
perature, which  could  last  only  a  short  time,  because  the  pres- 
sure continued  to  decrease  in  some  cases  for  an  hour  or  more. 
Before  the  electric  current  had  passed  the  gas  pressure  was  noted  as 
constant  After  it  had  been  broken,  apparently  the  only  change 
that  had  taken  place  in  the  tube  was  that  a  metal  film  had  been  de- 
posited on  the  walls  of  the  tube.  Therefore,  the  conclusion  is 
drawn  that  the  newly  deposited  metal  gradually  absorbed  hydrogen 
from  the  molecular  state. 

In  the  case  of  its  absorption  by  a  palladium  cathode  during 
electrolysis  of  a  dilute  solution  of  sulphuric  acid,  the  hydrogen  is 
■n  a  nascent  state.     Such  may  also  be  the  case  when  it  is  absorbed 

»Phys.  Rev.,  vol.  21,  no.  i,  July,  1905. 
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by  hot  metals,  the  temperature  at  least  aiding  dissociation.  If,  then, 
hydrogen,  which  is  in  the  molecular  state  is  absorbed  by  a  cold 
metal  film,  it  seems  most  likely  that  the  metal  in  this  condition  dis- 
sociates the  hydrogen,  though  possibly  it  has  a  strong  affinity  for 
and  absorbs  the  hydrogen  molecule.  At  any  rate  it  is  interesting 
to  learn  something  concerning  the  absorption  of  hydrogen  by  films 
of  different  metals  produced  in  the  above  manner. 

The  purpose  of  this  investigation  was  therefore  to  obtain  deposits  - 
of  a  number  of  different  metals  in  a  tube  containing  hydrogen,  and 
to  measure  the  amount  and  rate  with  which  each  absorbed  the  gas. 
The  deposits  were  produced  as  indicated  by  vaporizing  the  metal  in 
a  discharge  tube  by  means  of  a  large  electric  current  and  allowing 
it  to  condense  on  the  walls  of  the  containing  tube.  It  was  hoped 
that  the  quantity  of  the  active  metal  might  also  be  determined  but 
this  proved  too  small  to  measure. 

Apparatus  and  Method  of  Experiment. 

The  form  of  discharge  tube  used  is  shown  by  diagram  in  Fig.  i. 
The  brass  rods  R  are  sealed  with  de   Khotinsky*s 
...L    laboratory  cement  in  the  glass  tubes  P  which  fit  in 
-  -J    the  ground  glass  joints  /.     Electrodes  E  represent 
the  metal  to  be  tested.     These  were  either  screwed 

R   or  clamped  in   the  ends  of  the  brass   rods.     Glass 

tubing  enclosed  the  brass  rods  so  as  to  confine  the 
discharge  to  the  metals  used  as  electrodes. 
— R       The  discharge  tube  was  connected  to  an  air  pump 
and  a  tube  containing  P^Oj  for  drying  purposes.     It 

R- J   was  also  connected  to  a  flask  containing  dry  hydro- 

|r ^  gen,  which  was  generated  by  electrolysis  of  dilute 

phosphoric  acid,  and  to  a  McLeod   gage  used  for 
measuring  pressure.     This  gage  magnified  the  pres- 
sure one  hundred  times. 

After  exhausting  the  discharge  tube  it  was  allowed  to  stand  in  con- 
nection with  the  PgOg  tube  several  hours  before  admitting  hydrogen. 
The  current  used  for  vaporizing  the  metal  was  supplied  by  a  bat- 
tery of  small  accumulators.     Usually  a  potential  difference  of  about 
a  thousand  volts  was  employed,  the  amount  of  current  being  regu- 
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lated  by  placing  a  copper  fuse  wire  in  the  circuit.  The  current 
passed  until  this  melted,  which  took  from  about  a  half  second  to 
two  or  three  seconds.  Most  of  the  time  the  fuse  wire  used  was 
No.  32  ^  and  5  gage.  In  some  cases  a  No.  36  wire  was  placed  in 
parallel  with  it 

The  discharge  tube  was  filled  with  hydrogen  to  a  pressure  of  from 
one  to  six  millimeters  and  through  this  the  vaporizing  current  was 
passed.  The  volume  of  the  chamber  occupied  by  the  gas  was  about 
five  hundred  cubic  centimeters. 

With  most  of  the  metals  there  was  considerable  difficulty  in  ob- 
taining a  sufficient  deposit  to  give  appreciable  results.  Two  methods 
for  vaporizing  the  metal  were  tried.  The  first  was  to  use  two  pieces 
as  electrodes,  these  being  placed  about  an  inch  apart.  The  second 
was  to  connect  the  two  brass  rods  R  with  a  wire  of  the  metal  to  be 
tested  ;  then  to  melt  it  by  sending  an  electric  current  through  it, 
so  that  the  arc,  arising  when  the  connection  was  broken  by  fusion, 
vaporized  part  of  it.  The  first  method  proving  the  more  satisfactory 
was  the  one  used  most  of  the  time.  Following  is  given  an  account 
of  metals  tested  and  results  obtained. 

Cadmium. 

Cadmium  was  tested  first  because  of  its  having  a  comparatively 
low  boiling  point,  hence  would  vaporize  easily.  With  a  cadmium 
disk  serving  as  cathode  and  a  steel  disk  as  anode,  the  metal  film 
seemed  to  come  wholly  from  the  cathode,  since  the  deposit  formed 
only  on  the  walls  of  the  tube  near  the  cathode.  Besides,  the  sur- 
face of  the  cathode  alone  should  erosion.  The  same  was  true  with 
other  metals.  Therefore  it  is  assumed  that  the  deposit  in  all  cases 
was  of  the  same  material  as  the  cathode. 

Three  deposits  of  cadmium  were  produced  each  accompanied  by 
some  absorption  of  gas.  In  the  case  where  it  was  heaviest  the  fol- 
lowing results  were  obtained. 

Time  deposit  was  made  2:10  P.  M. 

Time,  P.  M.  Pressure,  mm. 
2-10-30  1.365 

2-15-30  1.340 

2-25-30  1.330 

After  this  the  pressure  remained  constant. 
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Fig.  2. 

The  absorption  curve  plotted  from  these  resuhs  is  found  in 
Fig.  2  in  which  the  ordinates  represent  the  decrease  in  gas  pressure. 

Steel. 

Both  methods  were  tried  for  a  depositing  of  steel.  By  the  first, 
with  disk  electrodes,  the  following  results  were  obtained  : 

I .  A  fairly  heavy  deposit  over  a  length  of  three  or  four  centi- 
meters of  the  tube : 

Time  deposit  was  made  10-13-30  A.  M. 

Time,  A.  M. 


10-14 
10-16 
10-20 
10-26 
11-13 
11-25 
11-58 

P.M. 
2:30 


Pressure,  mm. 
4.48 
4.23 
4.03 
3.90 
3.67 
3.638 
3.629 

3.628 
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2.  Only  a  very  light  deposit  : 
Time  of  deposit  8:58  A.  M. 

Time,  A.  M.  Pressure,  mm. 

8-58-10  2.61 

9-00  2.44 

9-02  2.42 

9-09  2.38 

9-22  2.355 

9-32  2.36 

3.  The  deposit  was  heavier  than  either  of  the  other  two  : 
Time  of  deposit  9:35  A.  M. 

Time,  A.  M.  Pressure,  mm. 

9-35-10  5.626 

9-38  5.0 

9-45  4.687 

9-55  4.515 

10-37  4.336 

11-37  4.285 

P.M. 

1-38  4.302 

The  absorption  curves  plotted  from  these  results  are  also  in  Fig. 
2.  Obviously  the  difference  in  the  curves  arises  from  the  quantity 
of  metal  deposited. 

Using  the  second  method,  there  was  only  one  case  in  which  any 
appreciable  deposit  was  obtained,  and  then  not  only  was  the  steel 
wire  vaporized  but  also  part  of  the  ends  of  the  brass  rods  and  some 
of  the  solder  used  to  hold  the  clamps ;  hence  results  are  not  given. 

Silver. 

A  silver  disk  was  used  as  cathode,  a  steel  disk  as  anode.  Only 
slight  deposits  were  obtained,  except  in  case  3  in  which  it  was 
fairly  heavy.      Following  are  the  results  : 

I.  Time  of  deposit  9-8  A.  M. 

Time,  A.  M.  Pressure,  mm. 

9-8-10  2.162 

9-12  2.08 

9-16  2.05 

9-24  2.01 

9-45  2.015 

9-51  2.01 
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)f  deposit  10-35-30  A. 

M. 

Time,  A.  M. 

Pressure,  mm. 

10-35-40 

2.09 

10-37-30 

1.987 

1041-30 

1.976 

10-51-30 

1.954 

11-24-30 

1.94 

11-35 

1.942 

)f  deposit  11-40  A.  M. 

Time,  A.  M. 

Pressure,  mm. 

11-40-5 

2.74 

11-43 

2.39 

11-49 

2.308 

See  Fig.  2  for  absorption  curves  plotted  from  these  results. 

ZllsIC. 

When  making  experiments  with  zinc  the  first  method  only  was 
used  with  electrodes  of  zinc  wire.  The  results  seemed  to  be  rather 
inconsistent.  Part  of  the  time  there  was  apparently  a  slight  increase 
of  pressure  and  part  of  the  time  a  slight  decrease  after  the  zinc  film 
had  been  deposited.  The  effect,  however,  was  in  each  case  small 
enough  to  be  accounted  for  by  error  in  reading  the  pressure. 

Aluminium. 
Several  attempts  were  made  to  obtain  deposits  of  aluminium,  using 
pieces  of  wire  for  both  anode  and  cathode.  In  two  cases  a  slight 
one  was  obtained.  There  was  very  little  if  any  decrease  in  pressure 
with  time.  There  was,  however,  quite  a  decrease  arising  from  the 
momentary  current.  In  the  first  case  this  was  .42  mm.,  and  in  the 
second  .17  mm.  It  is  probable  therefore  that  all  absorption  took 
place  within  five  seconds  after  the  deposit  was  made. 

Platinum. 
Using  small  platinum  wires  as  electrodes,  slight  deposits  were 
obtained.  As  with  aluminium  there  seemed  to  be  no  decrease  in 
pressure  after  the  deposition  took  place,  but  quite  a  large  decrease 
during  the  passage  of  the  current.  In  one  instance  this  amounted 
to  .53  mm.  Since  it  is  known  that  platinum  absorbs  large  quanti- 
ties of  hydrogen,  and  very  rapidly  under  certain  conditions,  it  may 
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be  that  with  the  platinum  film  as  with  the  aluminium,  the  gas  was 
absorbed  at  such  a  rapid  rate  as  to  fully  charge  the  metal  before  the 
pressure  could  be  read. 

Of  the  metals  studied,  cadmium,  silver  and  steel  gave  definite 
results  as  to  the  rate  of  absorption  of  hydrogen  by  the  films  ;  alu- 
minium and  platinum  merely  indicate  that  marked  absorption  oc- 
curs on  depositing ;  while  zinc  is  the  only  metal  tested  which  did 
not  exhibit  this  quality. 

I  wish  to  express  here  my  appreciation  and  thanks  to  Dr.  Skinner 

for  his  help  and  inspiration  to  me  in  this  work,  as  well  as  for  the 

laboratory  facilities  placed  at  my  disposal   at  the  University  of 

Nebraska  where  the  work  was  done. 

Bureau  of  Standards, 
Washington,  D.  C. 
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ON   THE   SUSCEPTIBILITY    OF    MIXTURES    OF    SALT 

SOLUTIONS.* 

By  J.  C.  McLennan  and  C.  S.  Wright. 

T  N  the  following  paper  an  account  is  given  of  some  measurements 
-■-  made  on  the  magnetic  susceptibility  of  solutions  of  manganese, 
aluminium  and  copper  sulphates  in  water,  and  several  mixtures  of 
these  with  the  object  of  obtaining  information  which  might  t)e  of  ser- 
vice in  explaining  the  behavior  of  the  magnetic  alloys  recently  dis- 
covered by  Heusler,'  and  more  recently  studied  by  Gumlich,'  Aus- 
tin,^ Fleming  and  Hadfield,*  Take,^  Hill  ^  and  Guthe  and  Austin.** 

The  method  followed  in  measuring  the  susceptibility  of  the  solu- 
tions was  that  suggested  by  Lord  Kelvin.^  and  afterward  used  by 
Wills  ***  in  his  experiments  on  the  susceptibility  of  weakly  magnetic 
solids  and  liquids,  and  later  by  Burton  and  Phillips  '*  in  their  investi- 
gation of  the  magnetic  properties  of  iron  in  the  colloidal  state. 

The  arrangement  of  the  apparatus  is  indicated  in  Figs,  i  and  2. 
A  rectangular  slab  5,  Fig.  I,  of  the  substance  whose  susceptibility 
is  to  be  studied  was  suspended  from  one  arm  of  a  balance  B  with 
its  long  axis  vertical,  and  its  lower  face  in  the  strongest  part  of  the 
field  midway  between  the  poles  of  an  electromagnet. 

'  Read  before  the  American  Physical  Society  at  the  December  meeting  in  New  York, 
1906. 

*  Fr.  Heusler,  \V.  Starck,  and  E.  Haupl,  Verb,  der  Phys.  Ges.,  5,  p.  219,  1903. 
Heusler,  Starck,  and  Haupt  ueber  der  ferromagnetischen  Augenschaften  von  Legierung 
unmagnetischer  Metalle,  Marburg,  1904. 

^Gumlich,  Annalen  der  Physik,  16,  p.  535,  1905. 

*  Austin,  Verb,  der  Deut.  I*hys.  Gesell. ,  6,  p    211,  1904. 

*  Fleming  and  Hadfield,  Proc.  Roy.  Soc,  76,  p.  271,  1905. 

«R.  Take,  Verb,  der  Deut.  Phys.  Gesell.,  7,  p.  133,  1905.  Take,  Ann.  der  Physik, 
Vierte,  Kolge,  Band  20,  p.  849. 

'Hill,  Phys.  Rev.,  21,  335,  1905;  23,  No.  6,  p.  498,  1906. 

8  Guthe  and  Austin,  Bulletin  of  the  Bureau  of  Standards,  Washington,  Vol.  II.,  No. 
2,  August,  1906,  p.  297. 

9  Brit.  Assoc.  Rep.,  1890,  p.  745. 

»o Wills,  Phys.  Rev.,  April,  1898;  ib.,  March,  1905. 

»»  Burton  and  Phillips,  Proc.  Camb,  Phil.  Soc,  Vol.  XIII.,  Pt.  V. 
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If  it  =  the  susceptibility  of  the  material  of  the  slab. 

A  =  the  area  of  the  horizontal  base  of  the  slab. 

H  =  the  strength  of  the  magnetic  field  at  the  point  midway  be- 
tween the  poles. 

//j  =  the  strength  of  the  magnetic  field  at  the  upper  surface  of 
the  slab. 

Then  the  pull  P  in  grams  due  to  the  magnetic  field  is  given  by 

P=  -     ^ —       -^^~  grams. 

The  electromagnet  used  in  the  investigation  was  provided  with 
prismatic  pole  pieces  with  plane  vertical  faces  5  cm.  wide,  and  about 
1.5  cm.  in  height.  These  were  adjusted  to  approximately  1.5  cm. 
apart,  and  kept  in  one  fixed  position  throughout  the  different  meas- 
urements.    In  determining  k  foe  a  selected  liquid   the  slab  5  was 


A 

< 



1 

'\h. 

>1 

S 

'1 

1 

V-- 


Fig.  1. 


Fig.  2. 


replaced  by  a  deep  rectangular  glass  vessel.  Fig.  2,  which  meas- 
ured internally  8  cm.  in  height,  .78  cm.  in  width  and  2.44  cm.  in 
breadth.  Preliminary  measurements  were  first  made  on  the  pull 
exerted  on  the  empty  cell  when  currents  of  different  intensities 
were  passed  through  the  electromagnet.  The  solution  to  be  ex- 
amined was  then  placed  in  a  glass  cell^  and  the  pull  on  the  filled 
cell  again  ascertained  for  different  strengths  of  field.     By  combin- 
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ing  these  two  sets  of  measurements  the  pull  in  the  selected  solution 
itself  was  obtained  and  the  susceptibility  calculated  for  the  different 
strengths  of  field  from  the  formula 


In  measuring  the  intensity  of  the  magnetic  fields  used  in  the 
experiments,  a  slab  of  wood  whose  dimensions  were  approximately 
the  same  as  the  internal  dimensions  of  the  glass  cell  was  inserted 
in  the  frame  in  place  of  the  cell.  To  the  narrow  vertical  and  lower 
sides  of  this  wooden  slab  a  strip  of  tinfoil  was  pasted,  and  connection 
was  made  by  contact  pieces  at  A  and  A\  Fig.  2.  to  the  support- 
ing rods.  Wires  were  attached  to  these  at  B  and  B\  and  through 
them  currents  of  different  strengths  sent  to  the  tinfoil  circuit. 

If  the  current  carried  by  the  tinfoil  circuit  be  /amperes,  and  the 
length  of  the  horizontal  portion  of  the  foil  be  /  cm.,  then  the  pull  P 
in  grams  exerted  by  a  field  H  on  the  lower  strip  of  the  foil  can 
readily  be  shown  to  be  given  by  the  relation 

log 
and  consequently  the  strength  of  the  field  by  the  equation 

// 

The  use  of  this  method  permitted  the  field  strengths  to  be  deter- 
mined with  accuracy  and  also  with  considerable  ease.  In  all  the 
experiments  the  current  strengths  were  measured  by  Weston  instru- 
ments which  previously  had  been  standardized. 

I.  Determination  of  Magnetic  Field. 
As  wood  itself  is  slightly  diamagnetic  the  different  magnetic  fields 
were  found  to  exert  a  force  on  the  slab  even  when  no  current  was 
passing  through  the  foil.  It  was  therefore  necessary  to  allow  for 
this  effect  in  calculating  the  field  strengths.  A  set  of  measurements 
on  the  different  fields  used  is  given  in  Table  I. 
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Table  I. 

Magnetic  Field. 


/in  E.M. 


i  in  Foil. 


6.25 

.13 

6.4 

— 

6.8 

.13 

7.15 

.13 

7.4 

.13 

7.95 

.13 

8.73 

.13 

9.05     ; 

— 

9.4 

.13 

10.0          i 

.13 

10.25 

— 

10.6 

.13 

10.95        • 

.13 

11.41 

.13 

11.55 

— 

12.15 

.13 

12.95 

.13 

14.05 

— 

14.10 

.13 

Pull  on  Slab 
no  /  in  Foil. 


.0094 
-.0098 
-.0106 
.0113 
.0115 
.0132 
.0149 
-.0157 
.0164 
.0177 
.0185 
.0190 
.0198 
.0204 
.0209 
.0224 
.0244 
.0268 
.0269 


Pull  on  Slab 
with  /  in  Foil. 


.1697 


.1783 
.1837 
.1899 
.1959 
.2068 

.2153 
.2235 

.2297 
.2337 
.2363 

.2466 
.2553 

.2687 


Pull  on  Foil. 


.1791 

.1889 
.1950 
.2014 
.2091 
.2217 

.2317 
.2412. 

.2487 
.2535 
.2567 

.2690 
.2797 

.2956 


H=  wPgUi. 
/  =  3.oa5 
ir=  980.5. 

4465 


4710 
4862 
5022 
5214 
5528 

5777 
6014 

6201 
6321 
6500 

6707 
6974 

7367 


In  column  I.  are  given  the  strengths  of  the  current  in  amperes  in 
the  electromagnet,  in  column  II.  the  strengths  of  the  current  in 
amperes  in  the  foil  circuit,  in  column  III.  the  pulls  on  the  wooden 
slab  when  there'  was  no  current  in  the  foil  circuit,  and  in  column 
IV.  the  pulls  on  the  slab,  with  the  current  passing  through  the  foil 
circuit.  Columns  V.  and  VI.  contain  respectively  the  deduced 
values  of  the  pulls  on  the  foil  circuit  and  the  corresponding  calcu- 
lated values  of  the  magnetic  field  strengths. 


Table 

Strength  of  Upper 

II. 

Part  of  Field. 

^l^H^llf*"      Pull  Due  to    1 
wghjm             nnFoil.      j 

I  in  E.M. 

/*«  w«ii          Pull  on  Slab 
/in  Foil.          no  1  in  Foil. 

1 

//(Gale). 
H^ioPgM. 

5.85 

9.0 
10.27 
12.6 
14.7 

-.0085       1 
-.0155 
-.0183 
-.0235       i 
-.0280 

-.0008      1        .0077       1 
-.0062              .0093       1 
-.0088               .0095       ; 
-.0127       '        .0108 
-.0164              .0116 

248 
302 
308 
340 
376 

28o 
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A  second  set  of  measurements  was  made  with  the  slab  reversed, 
so  that  the  current  in  the  foil  circuit  passed  over  the  upper  surface  of 
the  slab  instead  of  along  the  lower  one,  as  in  the  previous  measure- 
ments. A  set  of  these  weighings  is  given  in  Table  II.,  and  from 
them  the  value  of  H^  deduced.  These  values,  it  will  be  seen,  are 
small  compared  with  the  corresponding  one  for  //",  and  are  therefore 
negligible  compared  with  the  latter. 

II.  Susceptibility  of  Water. 

As  a  control  experiment  a  preliminary  set  of  measurements  was 
made  upon  the  susceptibility  of  water,  and  the  mean  of  a  number 
of  results  found  with  fields  ranging  from  4,000  to  8,000  C.G.S. 
units,  gave  —  7.33  x  lO""^  a  value  which  is  in  good  agreement  with 
the  results  of  other  investigators.* 

III.  Susceptibilities  of  Salt  Solutions. 

Manganese  Sulphate,  MnSO^.  —  In  experimenting  with  this  salt 
a  standard  solution  was  prepared  which  was  found  by  a  gravimetric 
analysis  to  contain  .0792  gram  of  manganese  per  c.c.  The  suscep- 
tibility was  determined  for  fields  ranging  from  4,700  to  7,31 5  C.G.S. 
units,  and  the  results  of  the  different  weighings  are  recorded  in 
Table  III. 

'  Susceptibility  of  water  from  a  Table  given  by  H.  D.  Steams,  Phys.  Rev..  Vol.  16, 
pp.  I- 10,  January,  1 903. 


r 
20«C. 

*xxo7 
-8.4 

Reference. 

1885  Quincke. 

Wied.  Ann.,  Vol.  35,  p.  137,  1888. 

1888  DuBois. 

15  C. 

-8.6 

Wied.  Ann.,  Vol.  35,  p.  137,  1888. 

1892  Henricbsen. 

-7.5 

Wied.  Ann.,  Vol.  45,  p.  38,  1892. 

1895  Curie. 

18  C. 

-7.9 

Jour,  de  Phys.,  p.  106,  1895. 

1896  Townsend. 

10  C. 

-7.7 

Proc.  Roy.  Soc,  London,  60,  p.  186,  1898. 

1898-1901  Koenigs- 

20  C. 

-8 

Wied.  Ann.,  Vol.  66,  p.  698,  1898,  and 

berger. 

Dmde's  Ann.,  Vol.  6,  p.  506,  1901. 

1898  Fleming  &  Dewar. 

-7.4 

Proc.  Roy.  Soc,  63,  p.  328,  1898. 

1899Jaeger&  H.Meyer 

18  C. 

-6.6 

Wied.  Ann.,  Vol.  67,  p.  712,  1899. 
Drude's  Ann.,  Vol.  6,  p.  870,  1901. 

1903  H.  D.  Steams. 

22  C. 

-7.33 

Phys.  Rev.,  Vol.  16,  pp.  i-io,  1903. 

1904  A.  P.  Wills. 

-7.22 

Phys.  Rev.,  Vol.  22,  p.  188,  1905. 
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Table  III. 

Solution  MNSO^.     .0792  pfi.  per  c.r. 


4,700 
4,955 
5,250 
5,500 
5,550 
6,000 
7,315 


Field  Pull  on 
Cell  Water. 

Pull  on  Cell 
Solution. 

-.0267 

.4448 

-.0296 

.4953 

-.0334 

.5545 

-.0370 

.6173 

-.0375 

.6245 

-.0445 

.7383 

-.0638 

1.0833 

WXK 


Pull  on  Salt  in 
Solution. 


.4715 
.5249 
.5877 
.6543 
.6618 
.7828 
1.1471 


A'= 


iPg^ 


AH* 
A  =  i.q%o,  cm. 
^  =  980.5  dynes. 

213.38 
213.82 
213.26 
216.32 
214.87 
217.47 
214.40 


Mean  214.79 


If  we  define  molecular  susceptibitity,  J/„  by  the  equation 

MK 


M,^ 


d 


where  M  is  the  molecular  weight  of  the  salt,  K  the  susceptibility  of 
the  solution,  and  d  the  number  of  grams  of  the  salt  per  c.c.  in  solu- 
tion, we  obtain  from  the  above  table  the  value  .014915  as  the 
molecular  susceptibility  of  the  salt. 

In  order  to  test  whether  the  molecular  susceptibility  depended 
on  the  concentration,  the  standard  solution  was  diluted  and  the 
susceptibility  found  for  different  concentrations.  The  results  which 
are  given  in  Table  IV.,  show  that  the  molecular  susceptibility  did 
not  vary  appreciably  with  the  concentration. 

Copper  Sulphate,  —  Similar  measurements  made  on  a  solution  of 

Table  IV. 

MnSO^.     Relation  of  Concentration  to  Susceptibility. 


Concentration  Grams  of  Mn 
per  c.c. 


.0792 
.0264 
.01582 
.0088 


Susceptibility  of  Solution 
vHK. 


214.7 
74.51 
41.28 
23.78 


Molecular  Susceptibility  M^, 


.014925 

.01552 

.01433 

.01486_ 

Mean  M.  =  .01491 
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copper  sulphate  containing  .0191   gram  of  copper  per  c.c,  gave  a 
molecular  susceptibility  of  +  .00153. 

Aluminium  Salts.  —  When  the  susceptibility  of  a  solution  of 
aluminium  sulphate  containing  .018  gram  of  metal  per  c.c.  was 
measured,  it  was  found  to  give  a  small  negative  value  showing  that 
this  salt  in  solution  is  slightly  diamagnetic.  On  account  of  the  fact 
that  aluminium  is  generally  given  as  being  weakly  paramagnetic, 
and  that  no  results  seem  to  have  been  recorded  for  the  salts  of  this 
metal,  the  susceptibilities  of  aluminium  nitrate  and  of  aluminium 
chloride  were  also  determined  and  the  results  obtained  are  given  in 
Table  V. 

Table  V. 


Salt. 


Concentration  gms.  {      Susceptibilitv  of      |  Molecular 

of  Metal  per  c.c.  Solution  xo'A'.        |     Susceptibility  M,. 


Alaminium     Sulphate 

Ai,(so,),            ; 

.018 

Aluminium    Nitrate  ' 

Al,(NO,). 

.097 

Aluminium     Chloride 

A1,C1, 

_    .094 

-  .64 
+  .33 
-1.04 


-.00018 
+.00002 
-.00005 


From  this  table  it  will  be  seen  that  while  the  sulphate  and  the 
chloride  are  diamagnetic,  the  nitrate  is  paramagnetic.  This  differ- 
ence between  the  susceptibilities  of  the  metal  and  some  of  its  com- 
pounds forms  a  parallel  to  the  case  of  copper,  where  the  pure  metal 
is  diamagnetic  at  ordinary  temperatures  while  the  salts  are  largely 
paramagnetic. 

IV.    Mixtures  of  Salt  Solutions. 

In  view  of  the  behavior  of  Heusler's  alloys  which  exhibit  a 
maximum  permeability  when  the  manganese  and  aluminium  are 
present  in  the  alloy  in  the  ratio  of  their  atomic  weights,  it  seemed 
of  interest  to  ascertain  whether  or  not  the  susceptibility  of  a  solu- 
tion of  manganese  sulphate  was  affected  by  the  addition  of  varying 
quantities  of  aluminium  sulphate. 

With  this  object  in  view  a  solution  of  manganese  sulphate  con- 
taining .0182  gram  of  manganese  per  c.c.  was  prepared,  also  one 
of  aluminium  sulphate  containing  .018  gram  of  aluminium  per  c.c, 
and  one  of  copper  sulphate  containing  .019  gram  of  copper  per  c.c, 
and  the  following  mixtures  of  these  solutions  were  examined. 
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(1)8  c.c.  MnSO^  sol.  4-  8  ex.  H^O. 

(2)  8  C.C.  MnSO,  sol.  +  2  c.c.  Al2(SO,)3  sol.  +  6  c.c.  HgO. 

(3)  8  c.c.  MnSO^  sol.  +  4  c.c.  A12(S0J3  sol.  +  4  c.c.  HgO. 

(4)  8  C.C.  MnSO,  sol.  +  8  c.c.  Al2(SO,)3  sol. 

The  susceptibilities  of  all  the  above  solutions  were  found  to  be 
practically  the  same,  showing  that  the  aluminium  present  in  the 
mixtures  produced  no  modification  in  the  susceptibility  of  the  man- 
ganese such  as  it  does  in  Heusler's  alloys. 

A  second  series  was  prepared  in  which  the  water  added  to  make  up 
the  mixtures  to  16  c.c.  in  the  first  series  was  replaced  by  the  copper 
sulphate  solution,  and  measurements  made  with  these  mixtures  are 
given  in  Table  VI. 

Table  VI. 


Mixtures. 


I.   MnSO^  sol.  8  c.c.  Al,(SOJj  sol.  8  c.c. 
II.   MnSO^  sol.  8  c.c.  Al,SO^  sol.  4  c.c.  CuSO^sol. 
4  c.c. 

III.  MnSO^  sol.  8  c.c.  Al,SO^  sol.  2  c.c.  CuSO^  sol. 
6  c.c. 

IV.  MnSO^  sol.  8  c.c.  CuSO^  sol.  8  c.c. 


Susceptibilities      Atomic  Ratio  of 
£q7^'  Aluminium  to 

Manganese. 


24.37 

26.04 

26.65 
27.49 


2.02 

1.00 

.50 


A  curve  representing  them  is  shown  in  Fig.  3,  where  the  ab- 
scissae represent  the  susceptibilities  x  10^  and  the  ordinates  the 
volumes  of  copper  sulphate  in  the  mixture. 

These  results  show  a  regular  in- 
crease  in  susceptibility  proportional  *p 
to   the   amount    of  copper  added, 
which  indicates  that    the  suscepti-  ^ 
bilities  of  the  mixtures  followed  a 
simple    additive    law,  such  as  was 
found  by  Wiedemann  *  to  hold  for 
other  salts.     The  susceptibility  of 
aluminium  sulphate  has  been  shown 
to  be  extremely  small,  and  on  the 
basis  of  an  additive  law,  its  efifect  in 
the    two   sets    of  mixtures    tested 
should  be  inappreciable.     The  susceptibility  of  any  mixture  should 
•  Wied.  Elect.,  III.,  pp.  955-972. 
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therefore  be  determined  by  the  respective  susceptibilities  of  the  man- 
ganese and  copper  sulphates,  and  from  the  measurements  given 
above  it  will  be  seen  that  this  was  the  result  obtained. 

With  the  mixtures  tested  the  atomic  ratios  of  the  aluminium  to 
the  manganese  present  in  the  solutions  varied  from  2.02  to  zero. 
It  is  evident,  therefore,  from  the  above  experiments  that  the  rela- 
tions the  two  metals  bear  to  each  other  under  the  conditions  of  the 
present  investigation  are  quite  different  from  those  which  exist  between 
them  in  the  alloys.  In  the  latter  the  aluminium  by  its  presence 
produces  a  very  pronounced  increase  in  the  permeability  of  the 
manganese  but  the  measurements  made  in  the  experiment^  described 
above  go  to  show  that  no  such  action  takes  place  between  the  metals 
when  solutions  of  their  salts  are  mixed. 
Physical  Laboratory, 

University  of  Toronto, 
December  20,  1906. 


No.  3.]  FORMS  AND  STABILITY  OF  AEROPLANES,  285 


researches  on  the  forms  and  stability  of 
aeroplanf;s. 

By  W.  R.  TuRNBULi.. 

nr*HE  crying  need  to-day  of  aeronautics  (considered  as  a  science) 

^  is  research  work,  and  it  is  simply  amazing,  when  one  consi- 
ders the  thousands  of  scientific  workers  in  all  parts  of  the  world 
devoting  their  time  to  refinements  and  ultra-refinements  of  well- 
known  physical  laws,  to  note  how  few  persons  are  willing  to  take 
up  the  laws  of  aerodynamics  and  reduce  them  to  an  exact  science. 

The  field  that  is  open  is  alluring,  even  fascinating,  and  there  is 
more  scope  for  original  research,  and  more  chance  for  reward  than 
in  many  of  the  beaten  tracks  ;  and  yet  the  student  of  science  still 
holds  aloof,  preferring  to  pass  and  repass  over  the  footsteps  of  others. 

Just  as  soon  as  the  mechanical  engineer  can  command  at  his 
designing  table  full  data  concerning  the  lift,  drift  and  center  of  pres- 
sure of  aeroplanes,  the  thrust  and  efficiency  of  different  forms  of  air 
propellers,  the  strength  and  suitability  of  materials,  and  the  com- 
plete elements  entering  into  the  longitudinal  and  transverse  stability 
of  an  aerodyne,*  considered  as  a  whole,  just  so  soon,  and  not  before, 
can  we  reasonably  expect  the  problem  of  aerial  navigation  to  be 
really  solved. 

During  a  careful  study  of  the  history  of  aerodynes,  which  I  have 
followed  to  the  time  of  writing  (October,  1906),  the  fact  that  has 

'  I  use  the  word  "aerodyne"  in  preference  to  **  flying-machine,"  to  denote  an  aero- 
plane-sup|X)ried  machine,  driven  by  mechanical  power  through  the  air.  I  regret  the  in- 
troduction of  a  new  term  in  the  nomenclature  of  aerodynamics  but  there  is  certainly  a 
term  lacking  to  express  the  required  meaning,  for  **  flying-machine"  (Ger.  Flugmas- 
chine  :  Fr.  machine  volante)  is  too  general  and  too  suggestive  of  a  wing-flapping  machine  ; 
**  aeroplane"  (Drachenschwcber,  Fr.  aeroplane)  should  apply  not  to  the  whole  machine 
but  to  the  supporting  surface  only  (moreover,  aeroplane  is  used  to  denote  a  soaring  ma- 
chine, etc.,  which  is  not  power-driven)  and  **  aerodrome"  (the  term  used  by  Langley) 
while  it  is  euphonious  really  denotes  an  air  course  in  the  same  sense  that  hippodrome 
means  a  course  for  horse-races.  **  Aerodrome  "  in  France  is  also  used  to  mean  a  balloon- 
shed  (compare  Capt.  F.  Ferber,  Revue  d'Artillerie,  Mars,  1904,  also  a  letter  by  the 
writer  in  The  Scientific  American,  September  22,  1906). 
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most  impressed  me  is  that  in  every  one  of  the  proposed  machines, 
both  in  the  tried  and  untried  ones,  automatic  longitudinal  stability 
is  not  only  a  weak  feature  of  the  designs  but  is  altogether  absent  in 
practically  every  case. 

To  a  fairly  satisfactory  extent  automatic  transverse  stability  (by 
giving  the  aeroplanes  a  dihedral  angle  or  by  keels)  is  a  solved  prob- 
lem, but  not  so  automatic  longitudinal  stability.  On  this  account  I 
took  up  the  laboratory  study  of  aeroplanes  with  the  aim  clearly  in 
view  of  finding  if  possible  a  type  of  aeroplane  that  should  have  auto- 
matic  longitudinal  stability.  In  this  I  have  been  most  fortunate  for 
I  have  found  a  type  of  double  curvature  aeroplane  which  not  only 
possesses  the  elements  of  automatic  longitudinal  stability  but  also 
gives  a  very  good  **  lift "  and  much  reduced  **  drift  "  when  compared 
with  the  single  curvature  surfaces  most  commonly  employed  and 
looked  upon  as  our  most  efficient  lifting  aeroplanes. 

To  make  the  study  systematic  let  us  divide  all  the  possible  {simple) 
aeroplanes  into  five  types  as  follows  : 

Type  I.  The  plane  surface. 

Type  II.  The  single  curvature  surface,  convex  on  the  under  side. 

Type  III.  The  single  curvature  surface,  concave  on  the  under 
side  (the  opposite  of  type  II.). 

Type  IV.  The  double  curvature  surface,  concave  at  the  forward 
portion,  convex  at  the  after  portion,  on  the  under  side. 

Type  V.  The  double  curvature  surface,  convex  at  the  forward 
portion,  concave  at  the  after  portion  on  the  under  side. 

These  are  the  only  possible  types  (leaving  out  multiple  curvatures 
of  more  than  two)  and  we  will  take  up  the  study  of  each  individ- 
ually and  then  compare  the  results. 

In  order  to  further  simplify  the  problem  and  to  make  the  results 
with  the  five  different  types  strictly  comparable  with  one  another,  I 
will  deal  only  with  surfaces  having  a  rectangular  plan-view  and  in 
which  the  width  (at  right  angles  to  the  air  current)  is  twice  the 
length  (in  the  direction  of  the  air  current).  While  this  method  fails 
to  cover  the  whole  ground,  since  the  number  of  possible  plan-views 
is  practically  limitless,  I  feel  assured  that,  so  far  as  geiieral  laws  are 
concerned  the  two-to-one  rectangle  is  fairly  typical  of  all  forms. 

Throughout  the  experiments,  therefore,  the  five  following  planes 
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are  alone  used  :  See  Fig.  i ,  in  which  the  common  (developed)  plan- 
view  is  shown  at  A  and  the  various  cross-sections  along  any  fore 
and  aft  line  ab  corresponding  to  the  above  mentioned  types  are 
shown  at  B^  C,  D,  E,  and  F.  The  arrow  gives  the  direction  of  the 
air  current. 

In  each  case  the  (developed)  length  is  8.485  inches  and  the  width 
is  16.97  inches,  giving  a  two-to-one  ratio  with  an  area  of  143.99 
square  inches  or  practically  one  square  foot. 

These  five  types  were  experimented  with,  first  as  to  their  **  lifts  *' 


a 


B(I) 


D(III) 


c(n) 


E(nr) 


Fig.  I. 

from  0°  to  20°,  second  as  to  their  **  drifts  "  from  0°  to  20°  and  third 
as  to  their  longitudinal  stability,  or  as  to  the  position  of  the  center 
of  pressure  at  all  angles  from  0°  to  90*^. 

Methods  and  Results. 
GeneraL 
It  is  a  well-known  fact  that  the  natural  wind  varies  greatly  (ev^n 
from  second  to  second)  in  intensity ;  ^  and  it  is  even  a  difficult 
matter  to  obtain  an  artificial  wind  that  has  absolute  constancy ;  in 
these  experiments,  therefore,  in  order  that  the  results  may  be 
exactly  comparable  with  one  another,  the  writer  employed  a  heavy 
4-bladed  fan-propeller  to  produce  a  constant  air  current  and  this 
fan-propeller  was  driven  by  an  electric  motor  whose  current  was 
from  a  storage- battery  of  ample  capacity.  This  fan-propeller  was 
mounted  at  one  (open)  end  of  a  rectangular  box  6  feet  long  and 
22  inches  square  and  the  speed  of  the  propeller  was  so  adjusted 
that  the  air-current  at  the  opposite  (open)  end  was  exactly  ten  miles 
per  hour  at  a  distance  of  one  foot  from  the  end  of  the  box.  In  the 
box  near  the  propeller  and  for  the  first  half  of  its  length  thin  "  baffle- 

*  Compare  Langley,  **The  Internal  Work  of  the  Wind,"  and  others. 
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plates  '*  were  placed  to  avoid  rotary  air  currents  so  that  a  practically 
rectilinear  air  current  was  produced  at  the  experimental  end  of  the 
box.  The  box  was  further  raised  from  the  floor  about  two  feet  and 
this  is  a  most  important  point  in  such  experiments,  for  if  the  box  be 
placed  on  or  near  the  floor  the  intake  of  the  fan-propeller  is  unequal 
with  a  consequent  inequality  at  the  opposite  end  of  the  box. 


!p:p:p:p 


zni 


p 


FF 
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Fig.  2. 


Fig.  3. 


Fig.  2  shows  a  side  view  and  Fig.  3  an  end  view  of  the  general 
arrangement  of  apparatus  in  all  the  experiments  ;  in  which  M,  is  the 
electric  motor  ;  P,  the  propeller ;  B,  the  long  box  ;  pp,  baffle-plates 
and  E,  the  end  at  which  the  different  apparatus  for  **  lift,'*  **  drift  '* 
and  center  of  pressure  were  placed. 

The  air  current  used  in  all  the  experiments  was  10  miles  per 
hour,  for  it  was  found  (as  before  frequently  established)  that  the 
**  lift"  and  '*  drift  "  of  the  aeroplanes  vary  as  the  square  of  the  speed 
of  the  air  current,  so  that  it  is  a  simple  matter  to  compute  the 
*'  lift  "  and  **  drift "  for  any  speed  (within  ordinary  limits  at  least) 
when  the  values  for  a  certain  speed  are  known.  The  variation  (if 
any)  for  the  position  of  the  center  of  pressure,  with  different  velocity 
of  air  currents,  was  not  determined,  as  the  system  was  not  suffi- 
ciently flexible  to  obtain  high  speeds. 

The  aeroplanes  experimented  with  were  made  of  thin  tin  plate 
with  only  a  sufficient  number  of  ribs  (three)  on  the  upper  side,  to 
make  the  forms  absolutely  rigid. 

The  original  experiments  were  made  in  February  to  April,  1905, 

and  were  further  repeated  with  refined  apparatus  in  June  and  July, 

1906. 

''Lift''  Experiments, 

The  apparatus  for  obtaining  the  "  lift"  (or  vertical  component  of 
air  pressure)  of  the  aeroplanes,  was  mounted  in  such  a  way  that 


No.  30 


FORMS  AND  STABILITY  OF  AEROPLANES. 


289 


the  centers  of  the  aeroplanes  were  one  foot  from  the  free  end  of  the 
box  and  exactly  in  the  middle  of  the  opening. 

Fig.  4  shows  a  side  elevation,  and  Fig.  5  an  end  elevation,  of 


m 


Fig.  4. 


Fig.  5. 


this  apparatus  which  is  simply  a  common  balance  arm,  A  (mounted 
on  horizontal  pivots,  //),  with  the  aeroplane,  R,  mounted  on  one 
arm,  and  with  a  movable  scale-pan,  5,  on  the  other  arm  to  measure 
the  loss  of  weight  when  the  air  current  passes. 

Throughout  the  experiments  the  aeroplane,  R,  was  inclined  at 
angles  of  o®,  5°,  10°,  15°  and  20°  with  the  horizontal,  and  the 
corresponding  settings  of  the  scale-pan,  5,  to  make  a  balance  when 
the  air  current  passes,  were  recorded. 

In  this  way  a  series  of  readings  were  obtained  which  are  plotted 


Angle  of  inclination  to  air  current 
Fig.  6. 

in  Fig.  6,  the  average  of  several  readings  for  each  inclination  of 
the  aeroplane  being  used  to  determine  several  points  on  the 
curves. 
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It  will  be  noted  that  the  comparative^  lift  of  Type  V.  at  small 
angles  is  slightly  greater  than  at  large  angles,  by  comparison  with 
any  of  the  other  four  types. 

It  will  also  be  noted  that  the  best  **  lift "  (per  se)  is  given  by 
the  single  curvature  surface,  concave  on  the  under  side,  and  the 
poorest  by  the  single  curvature  surface,  convex  on  the  under  side  ; 
but,  in  selecting  the  best  form  of  aeroplane,  for  use  in  an  aerodyne, 
other  factors  enter  as  will  be  seen  when  these  results  are  considered 
in  connection  with  the  "  drift  '*  and  center  of  pressure  experiments. 


''Drift''  Experimcjits. 

The  apparatus  for  measuring  the  "drift*'  (or  horizontal  com- 
ponent of  the  air-pressure)  was  mounted  in  such  a  way  that  the 
center  of  the  aeroplane  was  one  foot  from  the  free  end  of  the  box 
and  exactly  in  the  middle  of  the  opening. 

Fig.  7  shows  a  side  elevation  and  Fig.  8  an  end  elevation  of  this 
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Fig.  8. 


apparatus,  which  is  simply  a  balance  arm.  A,  mounted  on  vertical 
pivots,  pp,  with  the  aeroplane,  R^  mounted  on  one  arm  and  with  the 
other  arm  attached  to  a  cord,  C,  passing  over  a  frictionless  pulley, 
P.  The  .scale-pan,  5,  in  this  case,  being  attached  to  the  other  end  of 
the  cord  and  the  *' drift'*  being  measured  by  the  adjustment  of 
weights  on  the  scale-pan. 

As  in  the  case  of  the  '*  lift  '*  experiments  the  aeroplane,  R,  was 
successively  placed  at  o^,  5°,  10°,  15®  and  20°  and  the  correspond- 

1  The  writer  has  taken  out  patents  in  the  United  States,  Canada,  Great  Britain,  Ger- 
many and  France  on  Types  IV.  and  V.,  but  by  an  oversight  on  the  part  of  the  patent 
attorneys  the  word  **  comparative"  in  referring  to  the  lift  of  Type  V.  was  omitted  from 
a  part  of  the  description  rendering  the  explanation  of  action  absurd  as  there  is  no  known 
form  of  aeroplane  which  will  give  a  greater  lift  at  a  smaller  angle,  for  ordinary  angles 
between  zero  and  thirty  degrees. 
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ing  weights  to  make  a  balance,  when  the  air  current  was  passing, 
were  recorded.  For  each  reading  the  **  drift"  of  the  arm  without 
the  plane  was  subtracted  from  the  reading,  I  might  mention  here 
that  a  compound  balance  (such  as  was  used  by  Maxim  in  his  ex- 
periments) for  obtaining  both  the  "lift"  and  "drift"  with  the 
same  apparatus  was  first  tried,  but  the  method  of  employing  separate 
pieces  of  apparatus  for  each  form  of  experiment  was  found  to  be  far 
more  sensitive  and  accurate.  , 

The  data  of  the  experiments  on  "drift"  are  plotted  in  Fig.  9, 
and  on  comparing  them  with  the  *'  lifts  "  of  Fig.  6  we  have  some 
interesting  results.  It  is  noted  that  the  single  curvature  surface 
(Type   III.)  concave  on  the  under  side,  not  only  has  the  largest 


15** 


5"  10* 

Angle  of  inclination  +0  air  cun'ent 

Fig.  9. 


20** 


"lift,"  but  also  the  largest  "drift,"  while  the  "drift"  for  Type  IV. 
(concave  in  front,  convex  in  the  rear,  on  the  under  side)  actually 
decreases  from  0°  to  4°.  For  equal  drifts  we  have  the  table  given 
in  the  second  following  section  and  from  this  table  we  see  that  for 
equal  "  drifts  "  Type  IV.  at  10°  has  more  than  double  the  "  lift  "  of 
Type    III.  at  —  0.7°.     This  fact  has  more  than  usual  interest,  be^ 
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cause  it  will  be  shown  in  the  next  section  of  this  paper  that  Tj'pe 
IV.  has  automatic  longitudinal  stability  from  90°  to  0°,  while  Type 
III.  has  longitudinal  instability  between  the  angles  of  28°  and  o^. 

The  decreasing  drift  of  Type  IV.  between  the  angles  of  0°  and 
4°  has  also  something  to  do  with  the  soaring  of  birds,  in  the 
opinion  of  the  writer,  but  this  will  be  further  referred  to  in  another 
section. 

In  the  two  foregoing  sections  the  writer  has  measured  only  the 
vertical  component  of  air  resistance  (**  lift ")  and  the  horizontal  com- 
ponent of  air  resistance  (**  drift ").  I  have  not  followed  Lilienthal's  * 
method  of  plotting  a  resultant  force  (the  total  air  resistance)  from  the 
"lift"  and  ** drift"  and  afterwards  resolving  this  resultant  into  a 
"  normal  "  and  **  tangential  "  force  ;  for  these  latter  mainly  apply  in 
the  case  of  an  aeroplane  falling  through  the  air  at  the  same  time 
moving  forwards  along  a  course  at  a  certain  negative  angle  with  the 
horizontal. 

While  Lilienthal's  method  is  interesting  when  applied  to  his 
assumed  slope  of  a  bird's  wing  during  the  down-stroke,  it  is  appli- 
cable only  to  artificial  flight  when  it  is  sought  to  solve  that  problem 
by  beating  wings  and  it  is,  in  general,  not  applicable  to  the  problem 
of  artificial  flight  with  fixed  aeroplanes  driven  horizontally  through 
the  air  at  a  certain  positive  angle  of  inclination. 

Center  of  Pressure, 

Thorough  in  many  ways  as  Lilienthal's  results  on  "lift"  and 
"drift"  are,  he  unfortunately  passed  all  too  lightly  over  the  more 
important  question  of  the  center  of  pressure,  and  while  Joessel, 
Kummer  and  Langley  experimented  on  this  all  essential  problem, 
their  experiments,  invariably  stopped  short  of  those  critical  angles 
between  25°  and  0°  which  are  by  all  means  the  important  ones  in 
the  study  of  natural  and  artificial  flight. 

The  first  method  used  by  the  writer,  for  measuring  the  center  of 
pressure,  was  the  usual  one  of  the  eccentric  plane  with  counterpois- 
ing weight  (used  by  Langley  and  others,  see  "  Experiments  in 
Aerodynamics,"  Langley,  pp.  89-93,  1902)  but  its  decided  limita- 
tions were  soon  apparent  and  a  delicate  counterpoising  spring  was 

*  **  Der  Vogelflug  als  Grundlage  der  Flicgekunst,"  Berlin,  1889. 
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substituted  with  excellent  results,  for  aeroplanes  whose  centers  of 
pressure  advance  far  in  front  of  their  centers  of  figure. 

The  counterpoising  spring  is  limited  however  to  use  with  certain 
aeroplanes  between  about  35°  and  0°  so  that  a  use  of  both  methods 
is  necessitated  for  a  complete  set  of  readings  between  0°  and  90°. 

The  aeroplanes  to  be  tested  were  ruled  with  lines  (parallel  to  the 
leading  edges)  at  distances  of  ^",  i",  i^",  etc.,  in  front  of  (and 
behind)  their  centers  of  figure  and  at  the  points  where  these  lines 
reached  the  side  edges  of  the  aeroplanes  screw  clamps  were  suc- 
cessively placed.  The  clamps  being  provided  with  pivot-holes  for 
the  insertion  of  the  pivots  of  the  supporting  frame. 

Figs.  10  and  1 1  show  front  and  side  elevations  of  the  apparatus 
as  employed  with  counterpoising  spring;  J/ being  the  arm  holding 
the  supporting  frame,  F,     F  carries  small  arms  which  are  adjustable 


Fig.  10. 


Fig.  II. 


along  its  length  to  allow  of  use  with  different  widths  of  aero- 
planes, and  these  small  arms  carry  the  pivots,  //',  which  carry  the 
aeroplane  under  test,  A.  The  frame,  F^  also  carries  a  vertical  rod,  B^ 
to  which  is  clamped  at  any  desired  height,  the  block,  E,  E  houses 
a  horizontal  rod, /T  (adjustable  horizontally),  which  carries  at  its 
end  a  long  sensitive  spring,  5,  acting  as  a  counterpoise  for  the  un- 
balanced weight  of  A. 

S  is  protected  from  the  air-current  by  a  shield,  D  (V-shaped  in 
plain  cross-section),  and  a  small  pointer  soldered  to  5  plays  over 
the  scale,  /,  near  the  bottom  of  D. 

The  dotted  line,  C,  Fig.  1 1,  shows  the  (imaginary)  chord  of  the 
curvature  of  A  and  in  every  case  the  upper  side  of  the  rib,  r,  is 
made  parallel  to  this  chord  so  that  the  angle  which  A  makes  with 
the  horizontal  may  be  read  by  means  of  a  vertically  mounted  trans- 
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parent  protractor  (shown  in  Fig.  lo  at  7")  by  sighting  through  the 
protractor  along  the  upper  line  of  the  ribs. 

When  using  the  aeroplanes  with  a  counterpoising  weight  the 
spring  with  its  accessories  was  removed  and  the  counterpoise 
secured  by  attaching  a  flat  leaden  weight  to  the  upper  side  of  the 
aeroplane  under  test. 

Both  methods  of  experiment  were  used  as  the  circumstances  of 
each  setting  of  the  pivots  demanded  and  where  the  results  of  the 
two  methods  **  overlapped  "the  accordance  of  the  readings  was 
satisfactory. 

I  have  unfortunately  been  unable  to  obtain  the  original  papers  of 
Joessel  and  Kummer  so  that  I  do  not  know  of  their  methods  of 
experimenting  but  Langley  mounted  his  counterpoised  eccentric 
planes  on  the  arm  of  a  large  whirling  table  and  obtained  (from  a 
pencil  trace)  the  angle  corresponding  to  a  certain  setting  of  the  side 
pivots  and  it  is  just  here  that  the  superiority  of  the  method  above 
described  (with  stationary  aeroplanes  and  artificial  air  current)  is 
most  pronounced,  for  with  several  tpyes  of  aeroplanes  (viz. :  Types 
I.,  III.,  and  V.)  there  is  not  one  angle  but  two  corresponding  to  one 
setting  of  the  side  pivots. 

To  illustrate  this,  let  us  take  the  example  of  plane  No.  III.,  with 
pivots  on  the  center  line ;  by  Langley's  method  the  only  reading 
obtained  is  that  at  90° ;  by  the  writer's  method  the  reading  for  90° 
is  also  obtained  if  the  plane  is  untouched,  but  if  the  rear  edge  of  the 
plane  is  supported  loosely  between  the  thumb  and  forefinger  of  one 
hand  and  carried  to  a  position  nearer  the  horizontal  we  find  a  second 
angle  (at  I2|°)  where,  if  the  plane  be  slightly  depressed,  the  rear 
edge  will  be  strongly  depressed,  and  if  slightly  raised,  the  rear  ^6^<t 
will  be  strongly  raised  and  we  here  have  a  second  angle  (capable  of 
accurate  measurement)  where  the  center  of  pressure  again  corresponds 
to  the  center  of  figure.  Of  course,  in  place  of  the  thumb  and  fore- 
finger, a  metal  yoke  with  adjustable  set  screws  could  be  similarly 
employed  and  could  be  vertically  raised  until  this  second  critical 
angle  was  reached,  but  the  thumb  and  forefinger  furnish  a  sensitive 
index  of  the  approach  to  this  angle  and  the  accuracy  of  the  results 
are  excellent. 

The  results  of  these  experiments  are  given  in  Fig.    1 2   where 
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angles  with  the  horizontal  are  plotted  as  abscissae  and  centers  of 
pressure  (in  percentage  of  the  side  of  plane),  both  before  and  behind 
the  center  of  figure,  are  ordinates. 

In  the  case  of  the  plane  (Type  I.)  we  note  that  the  center  of  pres- 
sure steadily  advances  in  front  of  the  center  of  figure  until  the 
critical  angle  of  26°  is  reached  when  the  center  of  pressure  rapidly 
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Angle  of  Inclination  +0  air  current 
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Fig.  12. 
retreats  to  the  center  of  figure  as  the  angle  becomes  smaller  and 
reaches  o^} 

In  the  cases  of  Types  III.  and  V.  this  reversal  takes  place  at 
somewhat  near  the  same  angle  but  at  a  much  shorter  distance  in 
front  of  the  center  of  figure,  the  center  of  pressure  then  rapidly 
retreats  behind  the  center  of  figure  which  it  passes  at  about  13°.^ 

*  In  the  case  of  a  square  with  <y^  side  the  writer  found  this  critical  angle  at  about  1 8® 
and  it  is  just  about  this  point  where  the  curves  of  Joessel,  Kummer,  and  Langley  (who 
all  experimented  with  square  planes)  cease.  Joessel  inferring  that  the  law  formulated  by 
him,  r  =  o.3(  I  — sin  a)  L  held  good  until  o°  was  reached. 

*  My  results  for  Type  III.  agree  fairly  well  with  those  of  Spratt  who,  according  to 
Moedebeck's  **Taschenbuch  fur  Flugtechniker  und  Luftschiffer,"  1904,  p.  335,  has  not 
made  his  experiments  public.  Spratts*  results  as  given  by  Moedebeck  are  these :  for  a 
single  concave  curvature  surface  of  ^^  curvature  (shape  not  stated)  the  center  of  pressure 
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Type  III.,  on  account  of  its  excellent  *'  lifting  "  qualities,  is  the  aero- 
plane that  has  been  almost  universally  used  in  artificial  flight  experi- 
ments, but  this  reversal  in  the  position  of  the  center  of  pressure  with 
its  consequent  utter  lack  of  longitudinal  stability  is  doubtless  respon- 
sible for  nearly  all  the  accidents  that  have  occured  in  aeroplane 
experiments,  Lilienthal  and  Pilcher  lost  their  lives  through  ignor- 
ance  of  this  reversal  and  Langley's  large  machine  was  also  probably 
wrecked  through  a  lack  of  knowledge  on  this  point. 

For  Types  II.  and  IV.  we  have  the  remarkable  result  that  the 
center  of  pressure  steadily  advances  to  the  forward  edge  of  the 
plane,  where,  by  reference  to  Fig.  6,  we  note  that  the  lifts  are  both 
negative.  We  therefore  have,  for  these  two  types,  the  condition  of 
automatic  longitudinal  stability  for  all  positive  angles  and  **  lifts y  ^ 

SiGNIFICAN'CE    OF   ThESE    RESULTS    FOR    ARTIFICIAL    FLIGHT. 

In  comparing  the  relative  merits  of  these  five  types  from  the 
viewpoint  of  artificial  flight,  we  must  not  only  take  into  considera- 
tion their  stability  curves  as  shown  in  Fig.  12,  but  also  compare 
the  **  lifts  "  and  **  drifts  "  as  given  in  Figs.  6  and  9. 

We  then  find  that  for  the  two  aeroplanes  of  automatic  stability 
Type  IV.  has  a  much  superior  "  lift "  to  Type  II.  and  a  lesser 
"drift"  between  the  angles  of  2°  and  15^  ;  which  are  the  important 
ones  for  artificial  flight. 

As  pointed  out  above,  Type  III.  has  been  almost  exclusively  used 
in  artificial  flight,  but  when  it  is  compared  to  Type  IV.  we  see  that 
it  has  an  utter  lack  of  stability  while  Type  IV.  has  automatic  sta- 
bility and  while,  at  first  sight,  Type  III.  has  the  superior  lifting 
qualities  it  also  has  a  large  *'  drift."  As  a  matter  of  fact  the  **  hft  " 
of  Type  IV.,  as  compared  to  its  *•  drift,"  is  superior  to  the  '*  lift"  of 
Type  III.,  as  compared  to  its  **  drift," /^  certain  angles  as  per  the 
table  below,  in  which  the  respective  values  of  '*  lift,"  at  their  cor- 
responding angles,  are  given /(?r  equal  ''drifts''  in  each  case. 

at  o^  lies  near  the  rear  side,  it  advances  as  the  angle  increases  passing  the  middle  point 
at  about  17°  and  advances  to  about  8 J  per  cent,  from  the  center  of  figure  at  30°.  It 
then  moves  in  the  opposite  direction  until  it  reaches  the  center  of  figure  at  90®. 

1  Ahlbom,  **  Illus.  Aeron.  Mitteilungen,  1904.  States  that  only  slightly  convex  aero- 
planes (Type  II.  of  the  writer's  experiments)  possess  unconditional  automatic  stability, 
but  his  statement  seems  to  be  based  on  incomplete  observations  rather  than  on 
experiments. 
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Type  IV. 

Type  III. 

Lift  IV.  +  Lift  III. 

Anffle. 

Lift. 

Angle. 

Lift. 

Ratio. 

20'' 

.417 

15.1'' 

.459 

.91 

19 

.400 

13.7 

.439 

.911 

18 

.381 

12.4 

.416 

.916 

17 

.364 

11.1 

.395 

.921 

16 

.346 

9.6 

.368 

.941 

15 

.325 

8 

.331 

.982 

14 

.303 

6.5 

.297 

1.020 

13 

.283 

4.6 

.249 

1.136 

12 

.261 

2.9 

.204 

1.280 

11 

.240 

1 

.154 

1.558 

10 

.216 

-0.7 

.105 

2.055 

From  this  table  it  appears  that /<?r  equal  drifts.  Type  IV.  at  10° 
has  actually  double  the  lifting  value  of  Type  III.  at  —  0.7°. 

Lilienthars  principle  for  artificial  flight  was  certainly  well  taken, 
viz.:  '*  Stability  first,  propulsion  afterwards  *'  but  we  cannot  review 
the  history  of  experimental  aeronautics  without  insisting  on  this 
revision  :  Automatic  stability  first  and  always  propulsion  so  soon  as 
prime-movers  become  sufficiently  light. 

Aeroplanes  of  Type  IV.  give  the  essential  elements  of  automatic 
longitudinal  stability ;  the  well  established  principles  of  the  **  di- 
hedral angle  "  and  keels  give  automatic  transverse  stability  ;  and  gas 
engines,  now  approaching  3  pounds  per  horsepower  give  the  re- 
quired lightness  of  prime  movers. 

In  these  three  principles,  therefore,  the  problem  of  aerial  naviga- 
tion is  theoretically  solved.  It  now  remains  only  to  so  combine 
these  three  essentials,  in  practical  form,  to  solve  the  problem  from 
an  engineering  standpoint. 

I  could  hardly  insist  that  aeroplanes  of  Type  IV.  are  the  only 
ones  possessing  the  all  important  properties  of  automatic  stability 
but  among  simple  aeroplanes  (/.  e.,  those  having  zero,  single,  or 
double  curvature),  my  laboratory  experiments  have  clearly  shown 
that  Type  IV.  is  the  only  aeroplane  having  at  tlie  same  time  auto- 
matic longitudinal  stability  combined  zuitk  excellent  lifting  properties 
and  exceedingly  small  drifting  properties,  for  all  angles  that  would 
probably  be  utilized  in  artificial  flight. 


298  W^.  >^.   TURNBULL.  [Vol.  XXIV. 

Significance  of  These  Results  to  Natural  Flight, 

Lilieiithal  in  his  valuable  book  ^  has  given  an  able  analysis  of 
bird  flight,  but  he  has  made  one  assumption  (page  76)  which  is 
hardly  tenable,  viz.:  that  the  slightly  concave  surface  is  the  form 
most  like  that  of  the  bird's  wing. 

Neither  my  experiments  nor  a  general  consideration  of  the  struc- 
ture of  the  bird's  wing  lead  to  this  conclusion. 

The  average  cross-section  of  a  birds  wing  when  extended  con- 
sists essentially  of  a  forward  portion,  A,  Fig.  13,  of  rigid  formation, 
with  a  central  portion,  B,  of  partial  rigidity,  and  a  rear  portion,  C,  ot 
extreme  flexibility. 

While  this  formation  certainly  varies  from  the  portion  nearest  the 
body  to  the  extreme   tip  of  the  wings,  I 
think    it   will    be  generally  conceded    that 
Fig.  13  fairly  represents  an  average  cross- 
ectiosn  of  an  average  bird's  wing  (during  Fig.  13. 

the  down  stroke). 

If  now  we  conceive  this  wing  in  rapid  up-and-down  strokes  pass- 
ing through  a  resisting  medium,  such  as  the  air,  it  requires  only  a 
rudimental  conception  of  mechanics  to  infer  that  in  the  up  stroke 
the  cross-section  assumes  the  form  shown  in  AC,  Fig.  14,  while  in 
the  down  stroke  a  form  similar  to  that  shown  in  AC,  Fig.  15, 
would  be  necessitated. 

In  each  figure,  op,  gives  the  direction  of  the  wing  motion  in  each 


Fig.  14.  Fig.  15. 

case,  while  or  represents  the  absolute  direction  of  the  air  current. 
It  is  obvious  that  the  relative  movement  of  the  air  particles  is 
roughly  represented  by  qo  and  it  is  equally  obvious  that  a  wing,  of 
the  type  described  in  connection  with  Fig.  12,  would  be  forced  into 
the  approximate  forms  shown  in  Figs.  14  and  15 — corresponding 
to  the  two  Types  II.  and  IV.  both  of  which  have  been  shown  by  the 
laboratory  experiments  to  liave  automatic  longitudinal  stability. 

If  then  we  accept  this  reasoning,  it  is  proven  that  in  bird  flight 
*  **  Der  Vogelflug  als  Grundlage  der  Hiegekunst,"  Berlin,  1889. 
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the  two  forms  assumed  by  the  wing  both  have  automatic  longitudinal 
stability,  that  in  the  up  stroke  the  **  lift "  (negative  in  this  case)  is  a 
minimum  (see  Type  II.,  Fig.  6)  while  the  **  drift"  is  small  (see 
Type  XL,  Fig.  9)  and  that  in  the  down  stroke  the  "  lift  '*  is  excel- 
lent (see  Type  IV.,  Fig.  6)  while  the  '*  drift'*  is  a  minimum  (see 
Type  IV.,  Fig.  9). 

From  this  it  is  seen  that  the  laboratory  experiments  are  in  full 
accord  and  give  a  most  rational  explanation  of  the  wonderful  prop- 
erties displayed  in  the  flight  of  a  bird. 

For  soaring  or  sailing  flight  the  most  probable  form  of  the  bird's 
wing  is  that  shown  in  Fig.  16  which  is  simply  a  less  accentuated 
form  of  Fig.  1 5,  due  to  the  lessened  air  pressure  on  the  under  side 
of  the  wing. 

The  resolution  of  forces  as  shown  in  this  figure  gives  a  perfectly 
rational  explanation   of  soaring  flight,   by 
which  a  bird  is  supported  and  at  the  same  p 

time  advances  against  an  ascending  current  ;\  • 

of  air,  for  in  working  out  the  '*lift*'  and  j  \i 

*'  drift  '*  under  these  conditions  we  find  that  JE>-1?,— ■r-a^,^,^^^ 

OR,  the  resultant,  is  in  advance  of  the  nor-  ^T\%.  16. 

mal  to  the  chord  of  the  double  curvature, 

and  we  have  for  the  forces  acting  upon  the  surface  the  vertical  com- 
ponent OA^  equal  to  the  weight  of  the  bird  and  the.  tangential  force, 
OT,  which  furthers,  instead  of  hinders,  the  advance  against  the  air 
current. 

It  has  been  frequently  shown  by  delicate  anemometer  measure- 
ments, etc.,  that  no  natural  wind  is  steady  but  that  the  natural  air 
currents  have  a  pulsating  movement,  with  pulsations  varying  some- 
times several  times  in  a  second.  The  soaring  bird  can  instinctively 
feel  these  pulsations  and  can  make  excellent  use  of  them  by  slightly 
inclining  the  extended  wings  more  or  less  to  the  pulsating  current 
and  can  thus  maintain  or  increase  its  height  while  at  the  same  time 
it  slowly  advances  against  the  air  current. 

Experiments  from  many  sources  (Lilienthal  and  others)  have 
shown  that  there  is  also  in  natural  winds,  near  the  surface  of  land 
or  water,  an  ascensional  trend  of  about  3°  and  this  further  facilitates 
the  soaring  of  most  birds. 
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Referring  again  to  the  automatic  stability  of  birds,  the  extended 
tail  in  many  species  is  undoubtedly  a  valuable  auxiliary  to  the 
maintenance  of  automatic  longitudinal  stability ;  but  it  is  quite  evi- 
dent from  a  consideration  of  several  species  in  which  the  tail  is 
almost  lacking  {e,  g.,  the  wild  duck)  that  the  tail  is  not  essential, 
and  this  further  accentuates  the  idea  that  the  primal  and  main  cause 
of  automatic  stability  in  bird  flight  is  to  be  found  in  the  wing-forms 
shown  in  Figs.  14  and  15. 

Lilienthal's  close  adherence  to  his  conception  of  the  natural  wing 
form  was  the  probable  cause  of  his  death,  for  in  all  of  his  soaring  ma- 
chines (and  in  a  great  majority  of  soaring  machines  that  have  since 
been  built)  the  single  concave  surface  has  alone  been  used  and  with 
it  of  necessity  (see  Curve  III.,  Fig.  12),  automatic  stability  is  im- 
possible and  "stability"  is  only  obtainable  by  the  agility  of  the 
operator  in  moving  his  body  or  an  auxiliary  steering  aeroplane. 

The  Influence  of  an  Underplane. 
In  considering  the  subject  of  aeroplanes  used  in  artificial  flight  it 
occurred  to  the  writer  that  the  lifting  properties  of  aeroplanes  might 
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Fig.  17. 

be  considerably  increased  by  allowing  the  aeroplanes  to  skim  close 
to  an  underplane  such  as  a  level  piece  of  land  or  close  over  water. 
As  is  shown  in  Fig.  17,  a  considerable  increase  in  **lift"  really 
occurs  (due  no  doubt  to  the  wedging  action  and  consequent  com- 
pression between  the  aeroplane  and  underplane)  and  at  first  sight 
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it  would  seem  a  valuable  consideration  in  the  design  of  an  aerodyne  ; 
since  it  is  just  when  arising  and  alighting,  when  the  speed  would  be 
comparatively  low,  that  the  maximum  "  lift "  would  be  desired. 
However,  many  other  modifying  conditions  must  be  considered, 
since  screw  propellers  must  have  a  considerable  diameter  and  their 
central  line  of  thrust  must  be  in  line  with  the  aeroplane  resistance ; 
and,  moreover,  the  "  drift "  is  also  considerably  increased  with  an 
underplane  and  the  center  of  pressure  is  shifted,  in  general,  consid- 
erably farther  "aft"  than  it  would  be  in  free  flight,  introducing 
serious  difficulties  in  balancing.  These  various  drawbacks  of  the 
underplane  may  be  overcome  {e.  g,,  by  superimposed  planes),  but  it 
is  well  to  draw  attention  to  them. 

In  Fig.  17  the  '*  lift'*  curves,  with  an  underplane,  are  given  for 
Types  I.,  III.,  and  IV.  The  readings  with  the  underplane  were  ob- 
tained with  the  apparatus  shown  in  Figs.  4  and  5  under  the  same 
conditions  as  before,  but  with  an  underplane  (a  large  drawing  board) 
placed  horizontally  one  half  inch  below  the  rear  edge  of  the  aero- 
plane in  its  mean  position  of  balance. 

It  is  needless  here  to  go  into  details  concerning  the  influence  of 
an  underplane  on  the  **  drift"  and  center  of  pressure  of  aeroplanes, 
but  the  writer's  experiments  with  **  lifts"  maybe  summarized  as 
follows:  (i)  With  plane  surfaces  (Type  I.)  and  double  curvature 
surfaces  (Types  IV.  and  V.)  the  relative  increases  of  **  lifts  "  with  an 
underplane  are  greater  than  in  the  case  of  single  curvature  surfaces. 
(2)  Under  certain  conditions  the  lift  may  be  nearly  doubled  by  an 
underplane  very  close  to  the  rear  edge,  but  in  general,  the  influence 
nearly  disappears  at  a  distance  above  the  underplane  equal  to 
about  one  third  the  length  (in  the  direction  of  the  air  current)  of  the 
aeroplane. 

In  conclusion,  with  regard  to  the  general  design  of  a  practical  aero- 
dyne, I  can  only  say  that  the  proportion  of  parts  is  an  essential 
feature  which  must  be  worked  out  by  outdoor  experiments,  prefer- 
ably over  a  sheet  of  water. 

The  laboratory  experiments,  described  in  this  paper,  can  give  but 
little  help  in  the  proportioning  of  parts,  but  they  clearly  show  the 
type  of  aeroplane  to  be  adopted  and  the  type  to  be  distinctly  avoided. 
On  the  one  hand  we  have  Type  IV.,  with  its.  great  advantages  of 
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automatic  longitudinal  stability,  excellent  lifting  properties  and  excep- 
tionally low  ''drift''  and  on  the  other  hand  the  long-adopted  aero- 
plane with  single  concave  curvature,  which,  while  it  has  most 
superior  lifting  qualities,  has  also  a  most  serious  !*  drift  '*  (for  high 
speeds  particularly  to  be  considered)  and  above  all  in  importance , 
most  treacherous  longitudinal  stability, 

A  trifle  in  added  speed  gives  the  former  type  equal  "  lift  '*  with 
the  latter  (since  the  lift  and  drift  increase  with  the  square  of  the 
speed),  so  that  it  should  be  an  easy  matter  for  a  designer  to  choose 
unhesitatingly  between  the  two. 
Rothesay,  N.  B.,  Canada, 
October  lo,  1906. 
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ON   THE   NATURE   OF   OPTICAL   IMAGES. 
By  Albert  B.  Porter. 

THERE  is  no  doubt  that  the  teaching  of  mathematics  has  suf- 
fered from  the  somewhat  arbitrary  division  of  the  subject 
matter  into  what  have  been  aptly  termed  **  water-tight  compart- 
ments." To  a  lesser  degree  the  same  thing  is  true  of  physics,  if 
current  teaching  may  be  judged  by  some  of  the  current  texts. 
Thus  in  the  treatment  of  light,  for  example,  although  the  sharp 
distinction  between  geometrical  and  physical  optics  has  largely 
passed  with  the  passing  of  the  old-fashioned  (but  often  indispensable) 
ray-method  of  treating  the  formation  of  images,  yet  the  wave- 
method  which  has  replaced  it  is  sometimes  presented  in  a  form 
almost  as  purely  geometrical.  We  have  abandoned  the  diagrams 
jn  which  the  so-called  rays  were  frankly  intended  to  represent  noth- 
ing more  than  directions  of  propagation,  and  have  substituted  figures 
showing  an  impossible  array  of  sharply  limited  wave-fronts  primly 
marching  toward  a  focus,  with  never  a  trace  of  diffractive  fraying  at 
the  edges.  Even  in  the  few  text-books  with  which  I  am  acquainted 
in  which  this  fraying  is  taken  into  account  in  an  investigation  of  the 
effects  of  aperture  on  resolving  power,  the  discussion  follows  so  far 
after  the  study  of  image  formation  that  the  student  must  almost 
inevitably  absorb  the  idea  that  diffraction  and  interference  merely  act 
to  modify  an  image  otherwise  formed.  Nor  do  I  anywhere  recall 
in  the  elementary  books  an  explicit  statement  to  the  effect  that  all 
optical  images  arise  by  interference  and  are  indeed  particular  cases 
of  interference  patterns.  That  this  is,  however,  true  appears  at 
once  from  a  consideration  of  the  method  of  propagation  of  light  by 
means  of  secondary  wavelets,  which  spread  in  all  directions  from 
every  point  of  the  wave-front  in  such  a  manner  that,  were  it  not 
for  interference,  each  point  in  the  image  would  receive  light  from 
all  points  in  the  object.  Dark  places  in  the  image  are  thus  dark 
because  of  destructive  interference,  and  light  parts  are  bright  on 
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account  of  additive  interference.  All  this,  though  of  course  suf- 
ficiently familiar  to  the  teacher,  may  be  far  from  evident  to  the 
student,  and  this  is  my  excuse  for  describing  a  simple  and  quickly 
arranged  experiment  which  shows  the  relation  between  interference 
and  image  formation  in  a  manner  so  striking  as  not  to  be  easily 
forgotten. 

The  experiment  consists  in  passing  a  parallel  beam  of  monochro- 
matic light  through  a  coarsely  ruled,  black-line,  diffraction  grating, 
and  then  through  a  convex  lens.  On  the  far  side  of  the  lens  a 
system  of  sharply  defined  interference  fringes  is  formed  which  can 
be  seen  by  aid  of  an  eyepiece,  or  intercepted  on  a  screen,  at  any 
point  over  a  considerable  range  along  the  axis.  Somewhere  in  this 
system  of  fringes  is  the  geometrical  image  of  the  grating,  but  it  is 
visually  quite  indistinguishable  from  any  other  transverse  section 
of  the  fringe  system.  Clearly  in  this  case,  the  geometrical  image  is 
merely  that  section  in  which  the  geometrical  condition  of  similarity 
to  the  object  is  satisfied. 

The  best  arrangement  of  the  experiment  is  the  following.  Light 
from  an  arc  lamp  A  is  focused  by  means  of  the  lens  B  upon  a  nar- 
row slit  C,     Thence  it  passes  through  a  direct-vision  prism  at  D, 


Fig.  1. 

and  the  spectrum  is  focused  by  the  lens  E  upon  the  narrow  sht  of  a 
collimator  FG,  The  parallel  beam  of  monochromatic  light  thus 
obtained  falls  upon  the  mirror  /T  of  a  microscope  KJ,  upon  whose 
stage,  at  /,  the  grating  is  placed  in  such  a  position  that  its  ruled 
lines  are  parallel  to  the  projections  of  the  two  slits  C  and  F,  Using 
a  black-line  grating  of  400  lines  to  the  inch,  and  having  both  slits 
narrowed  down  to  a  small  fraction  of  a  millimeter  so  as  to  secure 
very  homogeneous  illumination,  the  field  of  view  was  examined 


No.  3.]  THE  NATURE  OF  OPTICAL  IMAGES,  305 

with  ^  inch  objective  and  i  inch  eyepiece.  The  interference 
fringes  appeared  in  the  field  of  the  eyepiece  with  exquisitely  sharp 
definition  throughout  the  whole  range  of  the  coarse  adjustment  of 
the  microscope,  /.  e,^  over  a  distance  of  58  mm.,  beginning  with  the 
front  of  the  objective  in  contact  with  the  grating  and  with  its  focal 
plane  7  mm.  below  the  ruled  surface;  and  the  fringes  could  be 
traced  through  a  much  greater  range  by  withdrawing  the  eyepiece 
and  moving  it  back  along  the  axis.  As  the  microscope  is  slowly 
focused  upwaid^  the  bands  undergo  curious  changes  in  appearance, 
the  lines  showing  sometimes  close  together  and  again  farther  apart, 
but  the  definition  is  almost  equally  sharp  throughout  the  whole 
•  range  of  adjustment,  so  that  any  section  of  the  fringe  system  is  as 
good  an  apparent  image  as  any  other  section.  Similar  but  less 
perfect  effects  may  be  obtained  by  illuminating  the  field  by  means 
of  sodium  light  passing  through  a  slit  a  couple  of  millimeters  wide 
at  a  distance  of  one  or  two  meters. 

If  the  angle  of  the  incidence  of  the  light  on  the  grating  is  changed 
by  moving  the  mirror,  the  whole  fringe  system  shifts  to  one  side  or 
the  other  except  in  the  focal  plane,  where  it  remains  stationary. 
This  shows  (i)  that  the  focal  plane  is  the  plane  in  which  the  inter- 
ference fringes  formed  by  light  of  all  incidences  coincide  ;  (2)  that, 
when  a  broad  source  is  used,  the  geometrical  image  is  really  a 
superposition  of  coincident  interference  patterns ;  and  (3)  that  the 
usual  absence  of  a  sharp  image  outside  the  focal  plane  is  due  to  the 
more  or  less  uniform  illumination  resulting  from  the  overlapping  of 
fringe  systems  due  to  light  coming  from  various  points  in  the  source. 
When  the  grating  is  illuminated  by  a  parallel  beam  of  white  light 
by  means  of  a  collimator  with  very  narrow  slit  or,  less  perfectly,  by 
a  distant  gas  flame  turned  edgewise,  the  effects  are  similar  except 
that  outside  the  focal  plane  the  fringes  are  colored.  Hence  (4)  the 
focal  plane  is  also  the  plane  of  achromatic  interference,  /.  ^.,  the  plane 
in  which  the  fringes  due  to  light  of  various  wave-lengths  coincide. 

These  experiments  show  very  clearly  why  it  is  in  general  essen- 
tial to  use  a  condenser  to  illuminate  the  field  of  a  microscope  in 
order  to  obtain  a  critical  image,  /.  ^.,  an  image  which  comes  sharply 
into  and  out  of  focus  and  which  is  hence  as  free  as  possible  from 
confusion  with  details  of  structure  lying  above  and  below  the  focal 
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plane.  It  is  interesting  to  observe  how,  as  the  illumination  is  made 
less  homogeneous  and  more  convergent,  the  distance  through  which 
the  interference  bands  can  be  distinguished  decreases,  and  the  pre- 
cision of  focusing  increases. 

In  the  case  of  self-luminous  objects,  although  the  geometrical 
image  is  still  to  be  considered  as  an  interference  pattern,  the  effects 
outside  of  the  focal  plane  are  greatly  modified  by  the  absence  of 
definite  phase  relations  between  the  waves  emanating  from  various 
points. 
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RADIATION  FROM  SELECTIVELY  REFLECTING 

BODIES. 

By   W.    W.    COBLENTZ. 

IN  his  memoir  on  infra-red  reflection  spectra  the  author  *  shows 
that  all  the  silicates  examined  have  bands  of  strong  selec- 
tive reflection  in  the  region  of  8  to  lo/i  and  discusses  the  effect  this 
would  have  upon  a  reflecting  surface  like  the  earth  or  the  moon 
which  is  largely  composed  of  silicates.  Since  this  discussion  has 
brought  forth  criticism,  favorable  and  unfavorable,  in  print  and  in 
private  communications,  the  purpose  of  the  present  paper  is  to 
summarize,  in  a  general  way,  the  present  data  bearing  upon  the 
subject,  and  to  discuss  certain  points  not  mentioned  previously. 

The  Effective  Temperature  of  the  Sun. 
It  has  been  shown  by  Poynting^  that,  when  a  surface  is  a  com- 
plete radiator  and  absorber,  its  temperature  can  be  determined  at  once 
by  the  fourth  power  law,  if  we  know  the  rate  at  which  it  is  radiating 
energy.  If  it  is  radiating  what  it  receives  from  the  sun,  then  a 
knowledge  of  the  solar  constant  enables  us  to  find  the  temperature, 
which  will  be  the  highest  the  surface  can  attain  when  it  is  receiving 
heat  only  from  the  sun.  Knowing  the  solar  constant  and  the  radia- 
tion constant  {^  =  5.32  x  io~^  ergs  Kurlbaum^)  Poynting  com- 
putes the  effective  temperature  of  the  sun.  If  j  is  the  radius  of  the 
sun's  surface,  and  R  the  radiation  per  square  centimeter  then  the 
total  rate  of  emission  is  ^ks^R,  This  must  equal  the  radiation  pass- 
ing through  the  sphere  of  radius  r,  at  the  distance  of  the  earth,  and 
with  a  surface  4  Tzr^  gives 

4  Tis'R  =  4  r.r'S 
where  S  is  the  solar  constant. 

*  Investigations  of  Infra-Red  Spectra,  Parts  III.  and  IV.     Published  by  the  Carnegie 
Institution  of  Washington,  December,  1906. 

*  Phil.  Trans.  Roy.  Soc.  Ivondon,  Vol.  202  A,  p.  525,  1903.     Of  course  no  surface  is. 
a  complete  radiator  or  absorber  of  energy. 

3  Kurlbaum,  Wicd.  Ann.,  65,  p.  748,  1898. 
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Hence,  R  =  46,000  5.  Using  the  solar  constant  5  =  2.5  calories 
=  0.17SX  10^  ergs  per  sq.  cm.  per  sec,  R  =  0.805  x  10". 

If  we  equate  the  sun's  radiation  to  ad^  where  <t  is  the  radiation 
constant,  we  get  0,  the  "  effective  temperature  "  of  the  sun,  that  is, 
the  temperature  of  a  full  radiator  which  is  emitting  energy  at  the 
same  rate. 
Thus 

5.35  X  10"^/?*  =  0.805  X  10" 

whence  6  =  6,200°  Abs. 

With  each  new  determination,  however,  the  solar  constant  is  being 
reduced  from  the  former  high  values,  so  that  the  more  probable 
value  '  is  about  2.  i  gr.  cal./cm.^  min. 

Using  this  value  of  5=  2.1  =0.147  x  10^  ergs/cm.^  sec, 
^  =  0.676  X  10**. 

Thus 

5.32  X  lo-'*^?*  =  0.676  X  10^^ 

whence  d  =  5,980°  Abs. 

This  is  somewhat  closer  to  Wilson's^  value,  5,773°  Abs.  which 
he  obtained  by  making  a  direct  comparison  of  the  radiation  from 
the  sun  with  that  from  a  "  full  radiator  "  ^  at  a  known  temperature. 

The  Limiting  Temperature  of  the  Surface  of  the  Moon. 
Poynting  (loc  cit.)  further  shows  that  when  there  is  no  conduc- 
tion inwards  from  the  surface,  the   highest  temperature  of  a  full 
radiator  is  attained  when  its  radiation  is  equal  to  the  energy  re- 
ceived.    Equating  the  energy  to  the  solar  constant  using 

5=  0.175  X  10^ 
5.35  X  io~^^  =  0.175  X  10^ 
whence  d  =  426°  Abs.     (Moon's  temperature). 

1  Abbot,  Smithsonian  Miscellaneous  Collections,  Vol.  45,  p.  8i,  1903. 

'Wilson,  Proc.  Roy.  Soc,  Vol.  69,  p.  312,  1901.  Fery  and  Mill6chau  (C.  R.,  143, 
p.  570,  731,  1906)  using  a  pyrometer  found  the  temperature  of  the  solar  surface  to  vary 
from  5888°  to  5963**  Abs.  with  a  mean  value  of  5620°  Abs. 

3  Poynting  (loc.  cit.)  very  aptly  says  :  **  A  surface  which  absorbs  and  therefore  emits 
every  kind  of  radiation,  is  usually  described  as  '  black,'  a  description  which  is  obviously 
bad  when  the  surface  is  luminous.  It  is  much  better  described  as  '  a  full  absorber '  or  *  a 
full  radiator,'  "  2.  ^.,  a  complete  radiator,  as  distinguished  from  a  partial  radiator  or  so- 
called  **  non-black  body.'*  In  justice  to  Kirchhoff  who  was  the  Hrst  to  give  a  clear  dis- 
cussion of  this  subject  it  should  be  called  the  Kirchhoff  Radiator. 
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If  part  of  the  energy  is  reflected  and  only  a  fraction  x  of  that  fall- 
ing on  it  is  absorbed  then  the  effective  temperature  is  ;r^  x  426  Abs. 
From  Langley's  ^  estimate  that  the  moon  absorbs  x  ^\  the  energy 
it  receives,  Poynting  (loc.  cit.)  computes  upper  limit  of  temperature 
of  the  surface  exposed  to  a  zenith  sun  to  be 

^-426x  (1)^412°  Abs. 

But  this  upper  limit  to  the  temperature  of  the  hottest  part  of  an 
airless  planet  is  never  attained  because  the  moon  turns  the  same 
face  to  the  earth  instead  of  to  the  sun.  He  shows  that,  if  N  is  the 
normal  stream  of  radiation  from  a  unit  of  surface  of  the  moon  im- 
mediately under  the  sun,  the  normal  stream  from  the  equivalent  flat 
disk  is  A^^  =  2/3  N.  '*  The  effective  temperature  of  the  flat  disk  is 
therefore  V2/3  that  of  the  surface  immediately  under  the  sun  at  the 
same  distance  from  it.  Then  the  effective  average  temperature 
=  412  X  A/2/3  =371°  Abs.  The  upper  limit  then,  to  the  average 
effective  temperature  of  the  moon's  disk  is  just  below  that  of  boil- 
nig  water."     If  we  use  5  =  0.147  x  10^  instead  of  0.175  x  lo^ 

5.32  X  iO""^^*=  0.147  X  10^ 

whence  ^=408°  Abs.  Hence  ;r^^  x  408  =  395°  Abs.  and  the 
**  effective  average  temperature"  is  395  x  A/2/3  =  355°  Abs.  or  82° 
C.  for  the  full  moon.  This  assumes  no  conduction  inwards.  Evi- 
dently there  is  an  appreciable  amount  of  heat  conducted  inwards, 
for  the  results  of  Langley  (loc.  cit.)  and  of  Very^  show  that  the 
surface  of  the  full  moon  is  about  300°  Abs. 

Fall  of  Temperature  of  the  Moon  During  Eclipse. 

Langley  (loc.  cit.)  made  observations  on  the  eclipse  of  Sept.  23, 
1885,  which  indicate  a  sudden  and  very  rapid  fall  of  energy  from 
the  moon  as  the  eclipse  commenced,  with  some  indications  of  a  rise 
nearly  as  rapid  after  its  conclusion.  In  Fig.  i  are  plotted  his  observed 
galvanometer  deflections  during  the  progress  of  the  eclipse.  The 
observations  were  interrupted  by  the  formation  of  clouds  just  at  the 

*  Langley,  Nat.  Acad.  Sci.,  Vol.  4,  part  2,  p.  197. 

«  Very,  Astrophys.  Jour.,  8,  p.  199,  1898.  Very,  however,  shows  that  the  maximum 
temperature  may  be  455**  Abs.  for  limited  regions  of  the  moon's  surface,  and  (p.  286)  a 
a  mean  temperature  of  about  +97'*  C* 
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predicted  time  for  the  moon  to  leave  the  umbra.  The  curve 
shows  that  in  the  short  time  of  about  1.5  hours,  in  passing  from  the 
penumbra  to  the  umbra,  the  radiation  from  the  west  limb  has 
fallen  from  a  maximum  to  a  zero  value.  In  other  words  the  fall  of 
temperature  is  practically  coincident  with  the  change  in  illumina- 
tion, and  at  first  appeared  to  the 
writer  *  to  indicate  that  the  greater 
part  is  reflected  energy.  That  the 
moon  at  mid-eclipse  is  still  as 
warm  as  the  earth  is  shown  by  the 
fact  that  the  galvanometer  gave 
zero  deflections.  If  the  moon  had 
been  cooler  than  the  earth  then 
the  deflections  would  have  been 
negative.  Subsequent  search  of 
the  literature  on  the  subject  shows 
that  Very  ^  found  appreciable  radi- 
ation from  the  moon  during  total- 
ity. The  following  computations 
show  that  this  is  to  be  expected. 
After  about  1 1  days  of  insolation 
the  temperature  of  the  sun-lit  sur- 
face of  the  moon  will  be  fairly  con- 
stant. From  the  surface  inwards 
there  will  be  a  layer  which  will  be  at  a  uniform  temperature,  for  the 
period  of  1.5  hours,  as  compared  with  11  days.  If  then  the  moon 
were  suddenly  eclipsed  find  the  fall  of  temperature  of  the  surface 
with  time  (jr  =  o,  ^  =/(/),  assuming  at  time  /=  o,  9^^  300°  Abs.) 
is  found  from  the  equation : 

(m  dd 


dj^ 


dt 


where  k  =  conductivity,  p  =  density  and  5  =  specific  heat.     The 

dependent  variable  enters  here  as  a  fourth  power,  and  makes  the 

solution  difficult.     The  computations  are  made  for  instantaneous 

eclipse,  while  in  the  actual  case  the  shadow  moves  slowly  across  the 

»  Physical  Review,  23,  p.  247,  1906. 
2  Very,  Prize  E^say  on  the  Distribution  of  the  Moon's  Heat,  p.  40. 
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surface.     Hence  the  error  due  to  neglecting  conductivity  is  partly 
compensated  by  the  slow  eclipse. 

By  neglecting  conductivity  from  the  interior,  the  temperature  of 
the  surface  will  fall  more  rapidly  and  we  have  a  steeper  tempera- 
ture decadence  curve.  The  solution 
of  the  equation  is  very  simple  if  we 
neglect  conduction  and  is 


T-30Cf 


1 


+  1 


For  /  in  minutes  <y=  76.6  x  io~" 
gr.  cal./cm.^min.  />  =  2,  and  s  =  0.2 
(approximate  values  for  rock  material). 
Hence 


d^ 


300 


^r 


FlR.  2. 


+  0.0155/ 

for  a  complete  radiator. 

In  Fig.  2  are  plotted  the  temperature  decadence  curves  for  the 
radiation  constant  <t,  for  0.3  a  (emissivity  of  iron  oxide)  and  for  o.  I  a. 
The  curves  show  that  for  a  complete  radiator  the  temperature  would 
fall  to  280°  (room  temperature  when  the  bolometer  would  be  in  tem- 
perature equilibrium  with  the  moon)  in  17  minutes,  for  0.3  <t  in  55 
minutes,  and  for  o.  i  <y  in  140  minutes.*  By  including  the  conduc- 
tivity term  these  periods  would  be  considerably  prolonged.  The 
present  solution  is  close  enough,  however,  to  show  that  the  temper- 
ature decadence  curve  is  not  coincident  with  the  eclipse  curve, 
unless  the  emissivity  is  of  the  order  0.3  <y.  Hence,  the  writer's^ 
previous  surmise  that  at  the  beginning  of  totality  radiation  should 
still  be  appreciable  is  substantiated,  although  the  observations 
made  by  Langley,  Fig.  i,  seemed  to  contradict  it.  Very's  observa- 
tions '  show  that  during  totality  of  the  eclipse  of  January  17,  1889, 
the  radiation  from  the  umbra  of  the  eclipsed  moon  was  about  i 
per  cent,  of  the  heat  which  was  to  be  expected  from  the  full  moon. 

A  computation  was  also  made  assuming  the  temperature  to  be 

1  The  solution  for  o.i  a  and  0.3  a  is,  of  course,  only  approximate  since  the  emissivity 
varies  more  nearly  as  the  5th  power  instead  of  the  4th  power,  as  here  used  :  and  the 
computed  temperatures  should  be  somewhat  higher. 

*  Phys.  Rev.,  23,  p.  247.     1906.         »  Very,  Distribution  of  the  Moon's  Heat,  p.  40. 
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350°  Abs.     Here  for  a,  the  temperature  would  fall  to  288°  in  38 
minutes  and  for  o.3<y  in  about  130  minutes. 

Selective  Reflection  of  Silicates  Compared  with 

Reflection  from  the  Moon. 

The  writer  (loc.  cit.)  has  examined  the  infra-red  reflecting  power 

of  a  series  of  materials  including  quartz,  feldspars,  amphiboles  and 

micas,  which  are  the  chief  constituents  of  the  rocks  of  the  earth's 

crust  and  has  found  a  uniformly  decreasing  reflection  power  of  3  to 


Af/croc4ef?e  /C^/^C^ 


7n« 


Fig.  3. 


5  per  cent,  at  4//  to  0.3  per  cent,  at  7//,  followed  by  bands  of 
metallic  reflection  from  8.5  to  10//.  In  this  latter  region  the  mean 
reflecting  power  is  from  40  to  50  per  cent,  for  silicates  while  pure 
quartz  has  a  reflecting  power  of  90  per  cent.  The  reflection  curves 
are  given  in  Fig.  3,  in  a  condensed  form.     In  the  lower  part  of  the 


No.  3. 1  RADIA  TION  AND  SELECTIVE  REFLECTION,  3  1 3 

figure  several  of  Langley's  lunar  radiation  (reflection)  curves  are 
given,  in  which  the  ordinates  are  in  arbitrary  units.  Of  course,  the 
absolute  reflecting  power  of  the  moon  is  unknown.  Zollner  has 
shown  that,  owing  to  the  irregularities  of  its  surface,  the  full  moon 
does  not  reflect  as  a  smooth  sphere  would  do,  but  very  nearly  as  a 
flat  disk  of  like  reflecting  power  and  filling  the  same  angle.  Such 
a  disk,  if  it  diffused  all  the  solar  energy  which  falls  on  it,  would 
send  to  us  1/97,300  of  what  the  sun  does  provided  it  reflected  per- 
fectly, in  all  directions,  the  total  incident  solar  energy.  The  moon, 
however,  is  not  such  a  reflector,  and  in  the  visible  spectrum  the 
solar  light  is  about  500,000  times  moonlight.  On  this  scale  the 
curves  of  the  moon  given  in  Fig.  3  would  not  be  visible.  The 
depression  in  the  lunar  curves  at  9.6  //,  is  due  to  an  atmospheric 
water  band.  The  region  from  S  to  7  //  likewise  contains  water 
bands.  One  can  readily  see  from  these  curves  that  a  reflecting 
surface  composed  of  rocks  such  as  granite,  basalt,  diorite,  etc.,  which 
are  mixtures  of  quartz,  feldspar,  hornblende  and  mica  would  give  a 
curve  similar  to  that  of  the  moon,  /.  e.,  that  part  transmitted  by.  the 
earth's  atmosphere  between  8  and  12//. 

The  general  assumption  is  that  the  crust  of  the  earth  and  of  the 
moon  have  the  same  constitution,  viz. :  a  series  of  silicates.  It  fol- 
lows from  the  present  discussion  that  the  earth  and  the  moon  may 
be  considered  selectively  reflecting  surfaces,  with  a  band  of  metallic 
reflection  from  8.5  to  10//.  Hence,  in  the  region  of  the  spectrum 
from  4  to  7  //  only  3  to  5  per  cent,  of  the  radiation  from  the  sun 
would  be  reflected  from  the  moon,  under  the  best  surface  condi- 
tions (diffuse  reflection),  while  in  the  region  from  8  to  10//  the  reflect- 
ing power  would  rise  to  50  or  even  80  per  cent.  Under  actual  con- 
ditions the  balance  will  still  be  in  favor  of  the  region  of  8  to  10//. 
In  the  region  of  7  //  the  reflecting  power  falls  below  i  per  cent. 

Reflection  and  Radiation  from  the  Moon. 

From  an  examination  of  some  of  the  discussions  of  the  reflection 
of  the  moon  it  appears  that  a  matte  surface  cannot  be  selectively 
reflecting.  In  fact  the  whole  misunderstanding  seems  to  hinge  on 
this  point.  Diffuse  reflection  follows  from  directed  (or  scattered) 
radiation  falling  upon  small  reflecting  surfaces,  the  planes  of  which 
lie  in  all  directions.     For  each  infinitesimal  surface,  the  ordinary 
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laws  of  reflection  are  obeyed  in  full,  unless  the  linear  dimensions  of 
the  reflecting  surface,  or  of  the  rugosities  or  inequalities  on  it,  are 
small  compared  with  the  wave-length.  In  diffuse  reflection  (see 
Wood's  Optics,  p.  36  for  examples)  the  irregularity  decreases  as  the 
angle  of  incidence  increases,  so  that  for  a  given  roughness  we  get 
regular  reflection.^  The  long  waves  will  be  reflected  first,  then  the 
shorter.  But  a  surface  consisting  of  a  substance  like  quartz,  which 
reflects  like  a  metal  for  ^  =  8.5  and  9.03  //,  and  like  a  transparent 
medium  for  all  other  wave-lengths,  must  still  be  selective  for  diffuse 
reflection.  We  are  not  so  much  concerned  with  the  question  as  to 
where  the  maximum  emission  of  the  moon  occurs  as  we  are  in  the 
fact  that,  in  the  region  of  8  to  10//,  where  Langley  observed  radia- 
tion from  the  moon,  there  is  also  reflected  energy  from  the  sun. 

Assuming  that  the  temperature  of  the  moon  is  350°  Abs.  and  the 
temperature  of  the  sun^  is  5,900°  Abs.,  the  problem  is  reduced  to 
the  calculation  of  the  relative  intensities  of  the  energy  emitted  and 
reflected  by  the  moon  at  8  to  lo/i.  From  the  transmission  curves 
of  the  water  vapor  (Fig.  6)  it  will  be  seen  that  in  the  region  from  5 
to  8  //  almost  all  the  energy  will  be  absorbed  by  the  earth's  atmos- 
phere. The  reflecting  power  of  the  moon  for  visible  rays,  according 
to  Langley  (loc.  cit.),  is  only  1/500,000  full  sunlight.  Assuming 
that  at  9/i  the  reflecting  power  is,  on  an  average,  10  times  that 
at  0.5  to  4 /i  (a  low  estimate),  the  value  becomes  1/50,000  or 
0.00002  per  cent. 

Using  the  above  values  for  the  temperature  of  the  moon  and  of 
the  sun,  from  Planck's^  formula  for  the  distribution  of  the  energy 

'Apropos  of  this  discussion,  Very  (Ap.  Jour.,  8,  p.  278,  1898)  records  that  the  per- 
centage of  reflected  rays,  as  measured  by  a  bolometer,  is  **  especially  large  (perhaps  two 
or  three  times  the  usual  proportion)  in  the  narrow  crescent  moon  where  the  rays  suffer 
a  grazing  reflection  at  a  large  angle  of  incidence,  the  emission  under  the  corresponding 
angle  of  emission  being  small.'* 

s  This  value  is  about  the  mean  of  the  observed  and  computed  temperatures.  Abbot's 
(loc.  cit.)  solar  spectrum  energy  curves  deduced  from  bolometric  measurements  give  us 
further  data  for  computing  the  temperature  of  the  sun.  The  published  curve  is  drawn 
very  asymmetrical  and  is  much  depressed  on  the  side  of  the  short  wave-lengths.  The 
data  given  permit  one  to  draw  a  more  symmetrical  curve  (as  one  would  ezpe<;t  it  to  be) 
which  shifts  the  maximum  wave-length  from  0.49//  to  0.46//.  From  Amax  7^=2920  the 
latter  value  (A  ^0.46//)  gives  a  **  black  body"  temperature  of  about  6300°  Abs.  If 
the  sun's  radiation  is  purely  thermal  it  must  lie  between  that  of  a  complete  radiator  and 
that  of  some  highly  refractory  substance  like  bright  platinum,  for  which  the  constant  is 
2630  instead  of  2920.     Using  2630  the  computed  temperature  is  7"=  5700°  Abs. 

»  Planck,  Verb.  d.  Deutsch.  Phys.  Gcs.,  2,  p.  202,  1900. 
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in  the  spectrum  of  a  full  radiator  (which,  of  course,  the  moon  is  not) 

we  can  obtain  the  ratio  of  the  intensities  for  the  two  temperatures 
Tj  =  350°  Abs.  and  T^  =  5,900°  Abs.  from  the  formula 

where  c^  =  14,500  and  l  max.  =  9  /i  the  ratio  is  0.003 16.  But  the 
moon,  not  being  a  perfect  radiator,  vyill  have  a  smaller  emissivity  at 
8  to  10//.  If  its  surface  were  iron  oxide*  its  emissivity  would  be 
only  0.3  that  of  a  Kirchhoff  radiator,  and  for  the  region  at  9  /i,  judg- 
ing from  the  drop  in  the  emission  curve  (Fig.  5)  the  emissive  power 
may  be  less  than  this,  say  o.i.  This  ratio  of  the  emissive  power  of 
the  moon  to  that  of  the  sun  will  then  be  0.000316,  which  is  16 
times  (0.000316  -k-  0.00002)  the  reflected  energy  of  the  sun  from 
the  moon.  Computations  like  these,  however,  which  require  all 
sorts  of  assumptions,  can  be  of  little  value '  ultimately.  As  matters 
now  stand,  we  know  that  Langley  observed  also  direct  radiation 
from  the  sun,  in  this  region  of  the  spectrum,  and  from  existing  data 
of  the  radiation  from  the  moon  we  do  not  know  how  much  of  it  is 
selectively  reflected  energy  from  the  sun.  In  the  visible  spectrum 
the  observed  energy  will  consist  of  that  reflected  from  the  surface 
and  that  part  which  enters  the  particles  and  is  totally  reflected.  In 
the  region  of  8  to  lo/i  (for  silicates)  almost  all  of  the  observed 
energy  will  be  reflected  from  the  surface  (no  internal  reflection), 
hence  the  above  computations  can  be  only  rough  approximations. 

Emission  from  a  Partial  Radiator. 
We  have  now  to  consider  a  problem  which  has  heretofore  not 
been  discussed  in  connection  with  the  radiation  from   the  moon. 
Planck's  formula  for  the  intensity  of  radiation  at   a   given  wave 
length,  ^,  in  the  spectrum  of  a  full  radiator  is 

For  any  radiating  body  the  emission 

^Kayser,  Spectroscopy,  Vol.  2,  p.  80. 

<  Very,  Astrophys.  Jour.,  24,  p.  353,  using  different  data  finds  a  larger  ratio  than  above. 
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where  A  is  the  absorption  [coefficient.  But  ^^  =  i  —  R^J^iot  non- 
conductors) where  R  is  the  reflecting  power,  and  hence,  <p^  E^  {i—R^). 

It  follows  therefore  that  a  selectively  reflecting  body  like  quartz 
will  be  a  partial  radiator  and  that  if  we  compare  its  radiation  curves 
with  that  of  a  full  radiator,  there  will  be  minima  of  emission  in  the 
region  of  8.5//  and  9.03  //.  This  was  predicted  by  Aschkinass* 
and  experimentally  verified  by  Rosenthal,*  with  quartz  mica  and 
glass.  The  latter  found  the  observed  emission  curves  of  these 
substances  to  coincide  precisely  with  the  computed  curves,  using  the 
observed  reflecting  power  of  these  minerals  and  the  observed 
emission  curve  of  a  complete  radiator  at  the  same  temperature. 

Since  we  have  constantly  before  us  examples  of  selective  emis- 
sion, such  as  the  Welsbach  mantle,  and  high  temperature  radiation 
of  such  metals  as  tungsten  and  tantalum  it  is  of  interest  to  consider 
the  radiation  of  several  substances  having  bands  of  selective  reflection. 

In  Fig.  4  is  given  an  illustration  of  the  marked  effect  of  selective 
reflection  upon  emission.  The  extraordinary  reflection  of  car- 
borundum, SiC,  curve  a  has  been  found  in  only  one  other  sub- 


Fig.  4. 
stance,  viz.,  quartz,  and  in  the  latter  it  is  the  result  of  two  well 
defined  bands,  at  8.5  and  9.03  //.  The  effect  of  such  a  band  on  the 
dispersion  of  this  substance  must  be  very  marked.  In  fact  the 
unusual  dispersion  in  the  visible  spectrum,  found  by  others,  no 
doubt  is  greatly  influenced  by  this  band.  In  this  figure  are  given 
the  computed  energy  curve,  d,  for  a  perfect  radiator  (using  Planck's 

»  Aschinass,  Verh.  d.  Deutsch.  Phys.  (Jes.,  17,  p.  loi,  1898. 
«  Rosenthal,  Ann.  der.  Phys.  (3),  68,  p.  791,  1899. 
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formula,  any  temperature  might  have  been  selected  instead  of 
300®  Abs.)  and  the  computed  energy  curve,  r,  of  carborundum  at 
the  same  temperature,  using  the  formula  if^^  =  E^\  —  R^  where  R 
is  the  observed  reflecting  power  and  E  is  the  corresponding  intensity 
of  the  complete  radiator.  It  will  be  noticed  that  the  radiation  is 
highly  selective,  and  that  at  lo/z  it  approaches  closely  to  that  of  the 
full  radiator.  If  then  one  were  to  observe  the  emission  curve  of 
carborundum,  the  minimum  at  10//  would  appear  as  an  "emission 
band,"  but  its  explanation  is  different  from  that  of  emission  bands 
of  hot  vapors,  e,  g,,  CO,  and  H,0  in  the  Bunsen  flame.  Melted 
gold  and  copper  are  good  examples  of  selective  emission. 
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Fig.  5. 

In  Fig.  5  are  given  the  computed  emission  curves,  a  and  b,  for  a 
full  radiator,  for  temperatures  300°  and  400°  Abs.  respectively,  and 
the  corresponding  emission  curves '  (dotted  curves)  of  quartz,  at  the 
same  temperature  using  the  values  of  the  reflecting  power  of  quartz 
given  by  Rosenthal  (loc.  cit.).  These  values  are  somewhat  lower 
than  found  by  the  writer.  In  general,  the  difference  in  the  emis- 
sivity  of  the  silicates  and  that  of  a  full  radiator,  at  8  to  10//  would 
not  be  so  marked  as  in  quartz.  For  mica  (see  Fig.  2)  the  emission 
minima  would  occur  at  9.1  and  9.8  //  while  for  granite  the  emission 
minimum  would  extend  from  8.5  to  lo/i.  The  effect  of  the  com- 
bination would  produce  an  appreciable  depression  in  the  radiation 
curve  of  a  surface  like  that  of  the  moon.     Even,  if  we  exclude 

'  Theoretically,  of  course,  the  dotted  curves  cannot  touch  the  curve  for  a  complete 
radiator,  as  here  given. 
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atmospheric  absorption,  the  emission  curve  will  not  be  smooth  and 
continuous,  as  some  writers  seem  to  think.  If  we  superpose  at- 
mospheric absorption,  the  emission  curve  will  be  somewhat  as 
shown  in  curve  b,  in  Fig.  6.  The  transmission  curve,  c,  is  for  a 
column  of  air  no  meters  in  length,  containing  1.2  mm.  precipitable 
water,  and  is  due  to  Langley  (loc.  cit).  A  thicker  layer  would  shift 
the  maximum  at  8 //  toward  8.3 /i,  found  in  the  moon's  radiation 


Fig.  6. 
curve.  In  Fig.  7,  curves  b,  c,  d,  show  several  of  Langley's  observed 
lunar  radiation  curves,  and  as  a  whole  there  is  a  close  parallelism 
between  the  theoretical  and  the  observed  curve,  especially  at  10.7  // 
where  we  have  to  consider  only  atmospheric  absorption.  From  8 
to  9  /^,  however,  we  have  to  consider  the  combined  effect  of  atmos- 
phere absorption,  of  incomplete  emission  of  the  moon  (emission 
minima  from  8.5  to  9.8/^)  and  of  selectively  reflected  energy  from 
the  sun.  The  latter  will,  no  doubt,  vary  the  most.  The  com- 
puted emission  curve  is  the  most  intense  at  10.2 //while  the  ob- 
served curve  is  the  most  intense  at  8.3  fi  (see  Fig.  7).  This  is  to 
be  expected  if  the  observed  energy  curve  is  the  composite  of  the 
selectively  emitted  energy  of  the  moon,  and  the  selectively  reflected 
energy  of  the  sun.  The  selectively  reflected  energy  of  the  sun 
would,  to  a  certain  extent,  fill  up  the  minima  in  the  lunar  emission 
curve,  and  as  far  as  our  present  knowledge  goes  would  explain  the 
observed  cur\Ts,  b,  c,  d,  (Fig.  7),  which  lack  a  minimum  at  8.5  //. 
As  a  whole,  from  whatever  standpoint  we  view  this  matter,  we  come 
to  the  same  conclusion,  viz. :  that  in  the  region  from  8  to  10 //  the 
energy  emitted  from  the  moon  consists  of  its  own  proper  radiation 
and  of  reflected  energy  from  the  sun.     This  discussion  of  the  de- 
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parture  of  the  emissive  power  of  the  moon  from  that  of  a  complete 
radiator  applies  equally  well  to  the  sun.  which  also  does  not  radiate  * 
like  an  **  absolutely  black  body."  Here  the  photospheric  radiation 
is  made  up  of  the  emission  of  particles  at  various  depths  and  hav- 
ing a  wide  range  of  temperature.     It  is  not  surprising  then,^  that 


Fig.  7. 
the  radiation  from  the  umbra  of  sun  spots  appears  to  be  as  intense 
as  the  still  brilliant  edge  of  the  sun's  disk.  For,  as  far  as  our 
knowledge  goes,  the  dark  spots  may  be  due  to  an  inward  convection^ 
of  photospheric  material,  thus  forming  an  **  ideal  black  body,"  the 
like  of  which,  in  magnitude,  can  not  be  duplicated  in  a  laboratory. 

If  the  brighter  portions  of  the  sun  are  composed  of  material 
having  a  higher  reflecting  power  they  may  be  at  a  higher  temper- 
ature than  the  darker  spots,  and  yet  their  emissivity  may  not  be 
greater  than  in  the  latter,  as  in  the  cases  just  discussed. 

To  sum  up,  as  matters  now  stand,  we  know  that  Langley  ob- 
served radiation  from  the  moon  in  the  region  of  8  to  10//.  He 
observed  also  direct  radiation  from  the  sun  in  this  region,  but  we 
do  not  know  how  much  of  this  is  superposed  upon  the  direct  radi- 
ation from  the  moon  due  to  the  latter  being,  without  doubt,  select- 
ively reflecting  in  this  region  of  the  spectrum.  As  mentioned  in  a 
previous  communication  (loc.  cit.,  p.  115),  computations  which 
require  all  sorts  of  assumptions  will  not  settle  the  question.  Bolo- 
metric  comparison  of  the  spectrum  energy  curves  of  the  sun  and  of 
the  moon  made  at  high  altitudes  will  be  of  greater  service  in  clear- 

*  Very,  Monthly  Weather  Review,  No.  254,  p.  22,  1901. 

"Abbot,  Astrophys.  Journ.,  23.  p.  275,  1 906. 

3  Whether  there  is  a  difference  in  the  emissivity  of  the  bright  and  dark  spots  appears 
to  be  an  open  question.  An  inrush  in  one  region  means  an  outrush  in  another  region. 
An  outrush  of  a  transparent  gas,  if  of  sufficient  depth  might  radiate  like  a  **  black  body  " 
and  could  have  the  same  emissivity  as  a  more  opaque  vapor  which  is  at  a  higher  tempera- 
tare.  It  is  of  course  unnecessary  to  assume  convection  to  account  for  the  equal  emis- 
sivity of  two  bodies  which  are  of  different  brightness  optically.  The  difference  in  the 
emissivity  of  a  full  radiator  and  of  platinum  is  sufficient  to  demonstrate  this  point. 
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ing  up  the  matter.  Veiy's  *  suggestion,  of  searching  for  a  solar 
image,  in  the  lunar  image,  with  a  delicate  heat-measuring  instru- 
ment, covered  by  a  screen  with  a  pinhole  aperture  also  deserves  a 
thorough  trial. 

Exception  has  been  taken  to  the  writer's  statement  (loc.  cit.)  that, 
of  the  radiation  observed  by  Langley  in  the  lunar  spectrum  at  8  to 
lO//,  we  do  not  know  how  much  is  selectively  reflected  energy 
from  the  sun.  But  the  writer  maintains  that  just  as  soon  as  we 
admit  the  possibility  of  the  moon  being  selectively  reflecting  in  the  re- 
gion where  it  has  its  own  proper  radiation,  then  the  use  of  glass  ^  as 
an  absorbing  screen  for  testing  the  quality  of  that  radiation  is  inad- 
missible, although  it  does  serve  as  a  rough  test  of  the  reflected 
energy  at  0.5  to  3  //.  For  this  purpose  it  has  been  serviceable,  and 
when  we  consider  the  great  difficulties  under  which  such  work  must 
be  carried  on,  and  the  numerous  correction  factors  that  must  be 
introduced  (which  at  all  times  may  be  larger  than  the  one  for 
selective  reflection)  the  use  of  a  glass  screen  is  not  objectionable. 

Furthermore,  we  have  noticed  that  the  silicates  reflect  as  a  trans- 
parent substance  in  all  regions  of  the  spectrum  considered,  except 
from  8  to  10//  where  it  reflects  like  a  metal.  This  means  that  the 
reflected  energy  in  all  these  regions  except  8  to  10//  will  consist  of 
two  parts,  viz.,  that  reflected  from  the  outer  surface,  and  that  due 
to  internal  reflection.  From  8  to  10//  there  will  be  but  very  little 
if  any  energy  due  to  internal  reflection.  Hence  to  use  the  reflected 
energy  spectrum  of  the  moon  from  0.5  to  4//  as  a  means  of  esti- 
mating the  amount  of  reflected  energy  at  8  to  10  //  is  not  a  fair  test, 
and,  as  used  (for  want  of  better  data)  in  the  present  paper,  can  only 
serve  as  an  approximation. 

Washington,  D.  C, 
January  15,  1907. 

»  Very,  Astrophys.  Joum.,  24,  p.  353,  1906. 

2  Various  observers  have  compared  the  total  radiation  from  the  moon  to  that  part 
which  is  transmitted  by  glass.  Since  glass  is  opaque  beyond  4//  it  was  assumed  to 
absorb  the  proper  radiation  from  the  moon  (which  must  lie  in  the  region  of  8  to  io/<) 
while  the  part  transmitted  by  glass  was  considered  to  be  the  reflected  energy  of  the  sun. 
Evidently,  if  there  is  selectively  reflected  energy  of  the  sun  beyond  4//,  it  will  be  super- 
posed upon  the  direct  radiation  of  tlie  moon,  and  will  be  absorbed  by  the  glass  screen, 
thus  giving  too  low  values  for  the  reflected  energy. 
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"  I  "HE  work  described  in  this  paper  was  begun  by  the  author 
^  several  years  ago  at  the  University  of  Berlin  and  an  abstract 
of  the  part  then  completed  was  published  in  the  Verhandlungen  der 
Deiitschen  Physikalischen  Gesellschaft,  It  was  not  possible  for  me 
to  obtain  the  material  to  finish  the  experiments  till  a  few  mopths  ago. 
Meanwhile  accounts  of  work  by  other  experimenters  upon  kindred 
alloys  have  appeared,  so  that  I  have  now  collected  their  data  together 
with  my  own. 

There  are  two  classes  of  alloys  of  the  ferro-magnetic  metals 
which  are  of  particular  importance :  the  steels  and  the  alloys  used 
in  the  construction  of  resistances.  On  the  importance  of  the  steels, 
it  is  unnecessary  to  comment.  It  is  only  recently,  however,  that  it 
has  been  realized  that  the  properties  which  render  steel  so  univer- 
sally useful  are  very  closely  connected  with  its  magnetic  charac- 
teristics. A  few  years  ago  the  hardening  of  steel  by  sudden  cool- 
ing was  explained  by  supposing  that,  in  the  rapid  fall  of  temperature, 
strains  were  set  up  in  the  metal  which  caused  its  hardness,  or  the 
hardness  was  accounted  for  by  the  presence  of  small  particles  of 
very  hard  carbon  or  of  carbide.  While  this  latter  explanation  may 
have  been  in  part  true,  it  is  not  sufficient  to  account  for  the  phe- 
nomena of  the  tempering  of  steel.  The  electrolytic  iron,  which 
has  been  produced  so  successfully  in  the  laboratories  of  the  Uni- 
versity of  Wisconsin,  is  very  hard  when  deposited.     Dr.  Taylor 
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informs  me  that  it  behaves  like  hard  steel  magnetically  also,  but 
after  annealing  it  is  soft,  both  mechanically  and  magnetically,  like 
Norway  iron.  Certainly  neither  sudden  cooling  nor  temper-carbon 
plays  any  part  in  this  case.  In  making  malleable  castings  of  iron 
the  annealing  process  changes  the  glass-hard,  brittle  cementite 
Fe^C,  into  ferrite,  or  free  iron,  which  is  soft  and  ductile,  mixed  with 
finely  divided  carbon.  The  hard,  brittle  nature  of  the  original  cast- 
ing seems  to  have  been  due,  not  to  free  carbon,  but  to  a  definite  car- 
bide, FCjC.  As  to  the  theory  of  hardness  caused  by  internal  strains, 
it  is  difficult  to  see  why  other  metals  than  iron  should  not  be  hard- 
ened in  the  same  manner. 

The  ordinary  carbon-steel,  having  been  once  tempered  or  hard- 
ened, may  have  this  temper  or  hardness  withdrawn  by  annealing 
from  a  red  heat.  With  the  alloy  steels,  on  the  other  hand,  the 
case  is  entirely  different.  When  nickel  and  iron  are  alloyed  together, 
the  product  acquires  something  of  the  toughness  of  the  nickel  while 
retaining  the  hardness  and  high  elastic  limit  of  the  iron.  An  ex- 
haustive study  of  these  alloys  has  been  made  by  M.  L.  Dumas.* 
Only  a  few  of  these  need  be  mentioned  here.  The  non-expansive 
alloy  of  Guillaume  contains  34  per  cent,  of  nickel  and  has  a  coeffi- 
cient of  linear  expansion  of  .000001.  Clock  pendulums  made  of 
this  material  vary  so  little  in  length  that  a  clock  thus  provided  will 
run  more  accurately  than  other  clocks  with  the  ordinary  compen- 
sating devices.  This  alloy  might  also  be  useful  in  making  fine 
instruments  such  as  transits  and  the  like.  It  will  take  a  good  polish 
and  resist  corrosion  as  well  as  nickel.  Screws  for  dividing  engines 
might  also  be  made  of  it  to  advantage. 

The  steels  with  from  40  to  50  per  cent,  ol  nickel  have  so  nearly 
the  same  coefficient  of  expansion  as  glass  that  they  may  be  em- 
ployed when  it  is  desired  to  seal  a  metal  into  glass.  This  material, 
called  "platinite,**  had  already  begun  to  replace  platinum  in  the 
manufacture  of  incandescent  lamps  in  France  several  years  ago. 
These  alloys  do  not  seem  as  yet  to  be  much  known  in  this  country. 
However  useful  the  nickel-iron  alloys  of  high  per  cent  may  be.  the 
high  price  of  the  nickel  prevents  their  very  extensive  employment. 
An  alloy  containing  from  3  to  3.5  per  cent,  of  nickel  and  about 

1  Aciers  au  nickel  a  hautes  teneurs. 
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0.25  per  cent,  of  carbon  combines  a  very  high  degree  of  ductility 
with  a  great  tensile  strength,  hardness  and  a  very  high  elastic  limit. 
Such  a  steel,  with  the  addition  of  a  little  chromium  is  used  for  the 
armor  plate  of  vessels. 

A  small  amount  of  manganese  in  steel,  up  to  five  or  six  parts  in 
a  hundred,  renders  it  very  brittle,  but  an  alloy  containing  1 2  per 
cent,  of  manganese  and  i .  5  per  cent,  of  carbon  is  very  hard  but 
yet  ductile.  It  is  unmagnetic.  Mushet  discovered  that,  by  the 
addition  of  manganese  and  tungsten  to  tool  steel,  a  cutting  edge 
could  be  maintained  upon  the  tool  at  a  temperature  much  higher 
than  with  carbon-steel.  This,  of  course,  made  it  possible  to  work 
these  tools  at  a  considerably  greater  speed.  These  steels,  known 
as  the  self-hardening  or  air-hardening  steels  were  hardened  by  slow 
cooling  from  a  cherry-red,  that  is  from  about  goo^C.  If  heated  to 
a  temperature  much  above  this  the  quality  of  the  steel  deteriorated 
very  rapidly.  With  the  addition  of  a  small  amount  of  chromium 
and  a  little  tungsten  or  molybdenum  it  was  found  that  this  deter- 
ioration at  high  temperatures  was  confined  to  a  very  narrow  range, 
from  about  850*^  to  950*^  C,  while  above  950°  to  about  1,100°  the 
efficiency  is  greatly  increased.  These  last  steels  are  known  as  the 
high-speed  steels  of  Taylor  and  White.     Their  alloy  contains  : 

Carbon  from  0.75  to  1.25  per  cent. 
Chromium  from  3.00  to  4.00  per  cent. 
Tungsten  8.50  per  cent. 

The  exact  composition  of  the  steel  varies  according  to  whether  the 
tool  is  to  be  used  for  cutting  soft  steel  or  gray  cast-iron,  or  hard 
steel.  By  employing  tools  made  of  such  steel,  the  rate  of  cutting 
can  be  increased  to  three  or  four  times  that  possible  with  a  carbon- 
steel  tool,  since  with  a  high-speed  tool  it  may  be  allowed  to  heat 
till  it  shows  a  faint  tinge  of  red.  A  large  increase  in  efficiency  is 
thus  gained  by  the  use  of  these  tools.  These  alloy-steels  are  un- 
magnetic, a  very  small  amount  of  manganese  being  sufficient  to 
render  the  iron  unmagnetic. 

The  second  important  group  of  alloys  of  the  magnetic  metals  is 
that  of  the  alloys  used  for  electric  resistances.  These  are  mostly 
nickel  alloys,  the  greater  part  of  them  being  unmagnetic.  Their 
resistance  is  higher  than  that  of  the  pure  metals  while  the  tempera- 
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ture  coefficient  is  lower.  Manganin,  for  example,  containing  84 
per  cent,  of  copper,  12  of  nickel  and  4  of  manganese,  retains  its 
resistance  almost  constant  between  0°  and  30*^  C. 

Seeing  that  the  alloy-steels  are  hardened  by  annealing,  whereas  in 
the  carbon-steels  the  hardening  was  accomplished  by  sudden  cooling, 
it  is  evident  that  neither  the  theory  of  strains  within  the  metal  nor 
of  hard  carbon  within  its  mass  can  account  for  its  hardness,  and  the 
explanation  was  sought  elsewhere. 

The  magnetic  metals,  if  heated  to  a  certain  critical  temperature, 
become  unmagnetic  and  exhibit  a  much  higher  specific  heat  and  a 
higher  electric  resistance  together  with  a  much  smaller  temperature- 
coefficient.  The  chemical  properties  also  show  differences  above 
and  below  the  critical  temperature. 

Again,  if  iron  containing  carbon  be  cooled  from  a  high  tempera- 
ture there  will  be  a  marked  evolution  of  heat  at  about  850°  C.  and 
another  at  760°  C.  indicating  some  transformation  in  the  metal 
itself.  Osmond  based  his  allotropic  theory  of  the  magnetic  metals 
upon  these  phenomena.  The  iron  as  it  exists  at  ordinary  tempera- 
tures and  up  to  760°  C.  the  lowest  temperature  at  which  the  evo- 
lution of  heat  occurred  (the  temperature  of  recalescence  is  below 
760**  but  is  due  to  the  separation  of  the  eutectic  alloy  of  iron  and 
carbon,  that  is,  the  alloy  containing  0.85  per  cent,  of  carbon) 
Osmond  called  alpha  iron.  In  the  next  interval,  namely  between 
760°  and  850°  C,  he  applied  the  name  beta  iron,  and  above  860° 
gamma  iron. 

In  nickel  and  cobalt  the  phenomena  of  transformation  are  very 
similar  to  those  in  iron,  except  that  in  these  metals  there  are  but 
two  allotropic  forms,  the  alp/ia  and  the  beta. 

Let  us  now  return  to  the  steels  and  apply  the  allotropic  theory  to 
explain  their  behavior.  Let  us  suppose  the  alpha  iron  to  be  soft 
and  magnetic ;  the  beta  iron  hard,  tough,  rather  brittle  and  unmag- 
netic; and  the  gamma  iron  soft  and  unmagnetic.  At  ordinary 
temperatures  common  iron  and  steel  contain  a  mixture  of  the  alplia 
and  beta  modifications.  If  pure  iron  be  heated  to  a  high  tempera- 
ture and  cooled  either  rapidly  or  slowly,  the  transformations  take 
place  as  usual  and  the  metal  remains  soft.  If  the  proper  amount 
of  carbon  be  added  —  0.25  to   1.50  per  cent. — and  the  metal  be 
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suddenly  cooled  from  a  temperature  above  the  critical  point,  a  large 
amount  of  the  beta  iron  persists  and  hardens  the  specimen.  This 
is,  of  course,  an  incomplete  account  of  these  phenomena  since  the 
carbides  of  iron,  which  must  also  undergo  transformations,  have  not 
been  considered. 

If  any  substance,  other  than  carbon,  could  be  added  to  the  iron 
and  prevent  its  transformation,  we  should  expect  to  be  able  to  alter 
the  properties  of  the  alloy  in  a  way  depending  not  only  upon  the 
nature  of  the  added  substance,  but  also  upon  the  amount  of  beta 
and  gamma  iron  present  at  ordinary  temperatures.  Lownds  and 
Richardson  *  found  that  if  aluminium  be  alloyed  with  iron  the  tem- 
perature of  transformation  of  the  latter  is  depressed  by  an  amount 
proportional  to  the  mass  of  aluminium  added.  This  holds  more  or 
less  closely  for  other  elements  alloyed  with  the  iron.  Osmond  and 
van  t'Hoff  have  worked  out  the  phase  diagram  for  iron  and  carbon 
alloys.*  One  of  the  most  important  results  of  the  new  knowledge 
of  the  physical  chemistry  of  steels  is  the  greater  certainty  with  which 
a  certain  grade  of  steel  can  be  produced.  A  comparatively  inex- 
perienced workman  is  able  to  secure  more  uniform  results  than  were 
formerly  obtained  by  men  of  much  longer  practice.  A  phase  dia- 
gram has  been  given  by  Messrs.  Shepard  and  Upton  for  alloys  of 
copper  and  tin.* 

If  now  there  were  some  law  by  which  the  action  of  any  element 
in  alloy  with  iron  could  be  predicted  it  would  be  of  great  value  in 
steel-making.  The  most  ready  analogy  to  the  depression  of  the 
temperature  of  magnetic  transformation  of  iron  and  nickel  by  other 
metals  alloyed  with  them,  is  the  lowering  of  the  freezing  point  of  a 
liquid  by  dissolved  substances.  The  law  of  van  t'Hoff  applying  to 
the  latter  case  is  : 

,02Thn 
ML 

Where  7"  is  the  absolute  temperature  of  freezing  of  the  pure  solvent, 
.02  the  thermo -dynamic  constant,  L  the  latent  heat  of  fusion  of  the 
solvent,  J/ the  molecular  weight  of  the  solute  and  dt  the  depression 

>  Phil.  Mag.  (6),  I,  p.  601,  1901. 
«The  Metallographist,  1898. 
'Journal  of  Physical  Chemistry,  1905. 


326  BRUCE   V,  HILL.  [Vol.  XXIV. 

of  the  freezing  point  caused  by  m  grams  of  the  solute  in  lOO  grams 
of  the  solvent.  The  present  work  was  undertaken  to  test  the 
applicability  of  this  formula  to  the  case  in  hand.  To  do  this  we 
would  have  to  put  7"  equal  to  the  absolute  temperature  of  trans- 
formation of  the  pure  metal  (nickel  or  iron),  L  the  latent  heat  of 
transformation,  M  the  molecular  weight  of  the  added  metal  and  J/ 
the  depression  of  the  point  of  transformation  caused  by  m  grams  of 
this  metal.  The  derivation  of  van  t'Hoff's  formula  assumes  that 
the  pure  solvent  freezes  out.  In  attempting  to  apply  this  equation 
now  it  must  be  remembered  that  neither  metal  separates  from  the 
other  at  the  point  of  transformation.  Microscopic  examination 
shows  this  to  be  true.  We  might  hope,  however,  that  the  formula 
would  apply  approximately  or  in  a  modified  form. 

Nickel  was  chosen  for  these  experiments  rather  than  iron  because 
of  its  low  temperature  of  transformation,  which  being  below  400® 
C.  was  easily  reached  and  measured.  The  relations  existing  in 
alloys  of  iron  and  nickel  are  known  to  be  very  complicated  so  that,  in 
order  to  have  the  conditions  as  simple  as  possible,  the  nickel  could 
not  be  alloyed  with  any  other  ferro-magnetic  metal.  Nickel  and 
copper  can  be  alloyed  in  all  proportions  and  such  alloys  are  easily 
obtained.  They  were  furnished  me  by  the  firm  of  Basse  and  Selve, 
in  the  form  of  wire.  As  one  sees  from  the  equation,  the  depres- 
sion of  the  transformation  point  of  the  nickel  in  the  alloy  should 
be  proportional  to  the  percentage  of  the  second  metal  and  inversely 
proportional  to  the  molecular  weight  of  the  latter.  It  was  desira- 
ble therefore  to  obtain  alloys  with  other  metals  having  molecular 
weights  as  different  as  possible  from  that  of  copper.  This  was  dif- 
ficult however.  We  tried  to  get  alloys  of  lead  or  bismuth  or  alu- 
minium from  the  same  firm  who  had  supplied  those  of  nickel  and 
copper,  but  after  several  months  they  said  that  they  were  unable 
to  make  them.  The  firm  of  Haereus  in  Hanau  finally  succeeded 
in  supplying  some  rings  of  alloys  of  nickel  and  tin  containing  5,  10 
and  1 5  per  cent,  of  tin  respectively. 

There  were  four  specimens  of  the  nickel-copper  alloys  available. 
They  were  in  the  form  of  wires  2  millimeters  in  diameter  and  con- 
tained 4,  8,  20  and  40  per  cent,  of  copper.  To  determine  the  rela- 
tion  between  induction  and  temperature  a  secondary  coil  of  bare 
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copper  wire  was  wound  about  a  glass  tube  and  over  this  tube  a 
primary  coil  45  centimeters  long  and  over  both  of  these  a  heating 
coil  of  nickeline  wire,  the  whole  being  insulated  with  asbestos. 
The  wire  under  examination,  together  with  a  standard  mercury 
thermometer,  was  put  into  the  glass  tube  and  the  apparatus 
packed  about  with  asbestos  as  heat  insulation.  The  induction  was 
measured  ballistically,  the  throw  caused  by  reversing  the  primary 
current  being  observed  in  each  case.  The  material  in  order  to  be 
fit  for  these  experiments  had  to  be  free  from  temperature  hysteresis, 
like  that  in  the  irreversible  nickel-steels.  Experiments  showed 
that  the  point  of  transformation  with  rising  temperature  was  the 
same  as  with  falling  temperature.  The  20  per  cent,  alloy  was 
then  held  for  an  hour  at  a  temperature  of  100°  C,  a  temperature 
near  that  of  transformation,  without  any  change  in  the  induction  in 
a  given  field  being  observed.  It  appears,  then,  that  when  a  given 
temperature  is  reached  the  corresponding  magnetic  condition  estab- 
lishes itself  without  appreciable  lag. 

As  is  known,  the  loss  of  susceptibility  does  not  occur  suddenly, 
but  gradually,  through  a  wide  interval  of  temperature.     As  one 


'4oor 


sees  from  the  curves,  taken  from  a  field  near  that  of  saturation,  the 
magnetic  intensity,  /,  decreases  with  rising  temperature  very  slowly 
at  first  and  then  more  and  more  rapidly.  When  it  has  fallen  to  a 
small  fraction  of  its  original  value,  the    decrease  becomes  much 
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slower.  The  temperature  at  which  this  occurs  could  be  deter- 
mined within  5°.  The  intensity-temperature  curves  for  the  pure 
nickel  and  the  4,  8  and  20  per  cent,  alloys  are  given  in  the  figure. 
It  will  be  seen  that  the  analogy  to  the  solidification  of  water  does 
not  hold  for  the  transformation  of  the  pure  nickel.  When  water 
has  reached  the  freezing  point,  the  temperature  remains  constant 
till  the  solidification  is  complete,  while  the  transformation  of  the  ^^/^ 
into  the  alpha  nickel  is  gradual.  This  can  be  explained  if  one  as- 
sumes that  the  two  phases  are  mutually  soluble.  As  the  microscope 
shows  no  difference  between  them,  this  assumption  is  permissible. 
We  may  suppose  that  as  soon  as  a  portion  of  the  beta  nickel  has 
transformed  into  the  alpha  form  it  at  once  dissolves  in  the  remain- 
ing beta  metal  and  so  lowers  the  transformation  point  requiring  a 


dOOr 


$00 


100 


further  fall  of  temperature  before  further  transformation  can  occur. 
In  the  alloys  this  gradual  fall  of  temperature  with  the  progress  of 
the  transformation  is  to  be  expected  as  in  the  case  of  the  freezing 
of  a  solution  of  salt  in  water. 

The  second  figure  gives  the  intensity-temperature  curves  for  the 
8  per  cent,  alloy  in  fields  of  13  and  63  C.G.S.  units  respectively, 
The  full  line  refers  to  the  metal  in  the  hard-drawn  and  the  broken 
line  to  that  in  the  annealed  condition.  The  temperature  of  trans- 
formation appears  to  be  independent  of  the  field,  but  is  lowered 
about  15°  by  annealing.  This  was  true  of  the  nickel  and  of  all  of 
the  nickel-copper  alloys. 
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The  table  shows  the  temperatures  of  transformation  of  the  alloys 
of  nickel  and  copper  : 


Per  Cent.  Cu. 

Temp. 

(HarS). 

A/ 

Temp. 

(ADoeaied). 

340* 

A/ 

Atlm 

0 

355*> 

4 

310 

45'» 

295 

45* 

11.2* 

8 

280 

75 

265 

75 

9.4 

20 

155 

200 

140 

200 

10.0 

40 

-100 

455 

11.4 

Mean  10.5*» 


According  to  this  table  the  depression  of  the  point  of  transforma- 
tion is  very  nearly  proportional  to  the  amount  of  copper,  m,  in  the 
alloy.  Only  in  the  first  two  alloys  is  the  concentration  small  enough 
to  justify  the  application  of  the  formula  of  van  t'Hoff,  still  the  de- 
pression due  to  one  part  of  copper  in  one  hundred  is  so  nearly  con- 
stant that  we  may  take  the  mean  of  these  values. 

Before  the  results  just  given  could  be  applied  in  the  formula,  it 
was  necessary  to  know  the  latent  heat  of  transformation,  L.  This 
cannot  be  determined  directly  and  at  best  can  only  be  approximated 
by  indirect  methods.  The  values  obtained  in  this  way  may  give  an 
idea  of  the  order  of  magnitude  of  the  quantity  sought,  however. 
The  alloy  containing  40  per  cent,  of  copper,  is  unmagnetic  at  room 
temperature  and  so  contains  nickel  in  the  deta  condition.  The  spe- 
cific heat  of  this  alloy,  as  well  as  that  of  pure  copper,  was  found 
between  20°  and  370°  C.  That  for  the  former  was  o.  1049  ^^^  ^^^ 
the  latter  0.0996.  If  now  we  assume  that  the  specific  heat  of  this 
alloy  can  be  found  from  those  of  its  two  constituents  by  the  rule  of 
mixtures,  we  have  for  the  specific  heat  of  the  6efa  nickel 

100  •  o.  1049  -"  40  •  0.0996 

60 -=0.1104. 

A  mass,  m  grams,  of  nickel  was  now  heated  to  370°  and  dropped 
into  a  water  calorimeter  whose  water  equivalent  was  K.  The  initial 
temperature  was  /,  and  the  final  temperature  /j.  If  the  specific  heat 
of  the  unmagnetic  nickel  just  found  is  now  introduced  we  have  for 
the  latent  heat  of  transformation 


z=  6(370 -/,)->!:(/, -/,)////. 
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In  five  experiments  the  following  values  were  obtained  for  L  : 

4.16 
4.33 
4.03 
5.05 
j4.83 
Mean  4.48 

The  agreement  among  these  numbers  is  as  good  as  the  method 
would  lead  one  to  expect.  In  the  first  place  the  rule  of  mixtures 
holds  only  approximately  for  the  specific  heats  of  alloys.  The 
specific  heat  was  determined  for  the  four  nickel-copper  alloys  be- 
tween 20°  and  ioo°.  If  one  takes  o.i  lOO  for  the  value  for  nickel 
and  0.0933  for  copper  as  found  in  the  tables  and  calculates  the 
specific  heats  of  the  alloys,  he  finds  : 


Alloy.  C  (Observed).  C(  Calculated). 


4  per  cent. 

8 

20 

40 

0.1080  0.1093 

0.1141  0.1087 

0.1145  I                  0.1066 

0.1003  I                  0.1033 


The  agreement  is  not  exact,  and  in  the  case  of  the  40  per  cent, 
alloy  the  variation  is  3  per  cent. 

By  an  entirely  different  method  Pionchon  *  found  the  latent  heat 
of  transformation  of  nickel  to  be  4.64,  a  value  not  in  bad  agreement 
with  that  just  given.  Too  much  weight  is  not  to  be  given  to  this 
agreement,  however,  as  he  found  the  latent  heat  of  transformation 
as  the  difference  between  the  quantities  of  heat  given  off  when  the 
metal  was  cooled  first  from  a  point  just  above  and  then  from  one 
just  below  the  temperature  of  transformation,  the  latter  point  so 
high  that  the  transformation  was  by  no  means  complete.  These 
values  must  at  least  give  the  order  of  magnitude  of  Z  however. 

Before  passing  to  the  experiments  upon  other  alloys  of  nickel  and 
the  further  discussion  of  the  formula  it  may  be  of  interest  to  show 
the  relation  of  the  electric  resistance  of  the  nickel-copper  alloys  to 
their  magnetic  properties.     H.  Le  Chatelier*  and  P.  Harrison*  have 

>  Ann.  de  chim.  et  de  phys.,  6,  II,  p.  77,  1887. 
«Compt.  Rend.,  CX.,  p.  283,  1896. 
'Phil.  Mag.  (6),  3,  p  177,  1902. 
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given  curves  exhibiting  the  relation  of  the  resistance  to  the  temper- 
ature in  nickel  and  iron.  Fig.  3  gives  similar  curves  for  the  4,  8, 
and  20  per  cent,  alloys. 

In  all  the  specimens  studied  the  temperature  coefficient  increases 
more  or  less  rapidly  till  a  temperature  near  to  that  of  transformation 


AO 


is  reached.  It  then  becomes  smaller  and  nearly  constant.  This 
change  is  quite  sharply  marked  though  not  so  distinct  as  the  mag- 
netic transformation.  It  is  plainer  in  the  alloys  than  in  the  pure- 
nickel.  In  the  20  per  cent,  alloy  the  change  of  direction  of  the 
curve  is  sharp  and  corresponds  very  closely  to  the  transformation 
point. 

I  had  three  alloys  of  nickel  and  tin,  containing  5,  10  and  15  per 
cent,  of  tin  respectively.  A  microscopic  examination  showed  them 
to  be  chemically  homogeneous  with  no  trace  of  free  tin.  Physically 
they  were  not  uniform,  however,  as  the  metal  was  full  of  pores. 
The  holes  were  the  largest  in  the  5  per  cent,  and  smallest  in  the 
1 5  per  cent,  alloy.  Alloys  containing  more  than  20  per  cent,  of  tin 
could  not  be  cast  and  those  with  that  amount  were  so  porous  that 
they  could  not  be  used.  The  specimens  were  in  the  form  of  rings. 
To  determine  the  induction  they  were  wound  with  insulated  wire  and 
heated  in  an  oil  bath,  the  temperature  being  measured  with  a  mer- 
cury thermometer.  With  the  ring  containing  5  per  cent,  of  tin  the 
insulation  gave  way  and  it  had  to  be  rewound  with  bare  wire  and 
asbestos.     The  results  for  these  alloys  are  given  in  the  table  : 
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Per  Cent,  of  Tin. 

Temp. 

A/ 

£^t\m 

0 

340*> 

5 

303 

37*> 

7.40 

10 

268 

72 

7.2 

15 

230 

110 

7.3 

Mean  7.3*» 


Here,  as  with  the  nickel-copper  alloys,  the  depression  of  the 
transformation  point  is  proportional  to  the  amount  of  tin  in  the  alloy. 
I  will  now  compare  the  results  found  for  the  two  series  of  alloys. 
The  temperature  of  transformation  for  the  pure  nickel  was  340°  C. 
or  613°  absolute.  The  latent  heat  of  transformation  of  the  nickel 
was  4.5  calories  per  gram.  J//w  was  equal  to  10.5*^  for  the  copper 
and  7.3°  for  the  tin.  Introducing  the  above  values  for  L  and  T 
into  the  equation  of  van  t*Hoff,  we  have  J//;;/  =  1670/il/.  The 
molecular  weight  must  therefore  be  known.  If  it  were  possible,  the 
most  direct  way  to  determine  the  molecular  weights  of  tin  and  cop- 
per in  their  solutions  in  nickel  would  be  to  apply  the  van  t'Hoff 
formula  to  the  lowering  of  the  point  of  solidification  of  nickel  by 
these  metals  dissolved  in  it.  To  do  this,  the  latent  heat  of  fusion 
of  nickel  would  have  to  be  known  and  this  would  be  very  difficult 
to  determine  as  the  melting  point  of  nickel  lies  so  high,  in  the 
neighborhood  of  1600°  C.  Heycock  and  Neville  ^  have  made  a 
series  of  experiments  upon  the  lowering  of  the  melting  point  of  tin, 
thallium  and  sodium  by  alloying  other  metals  with  them.  They 
found  the  **  atomic  lowering"  of  the  metal  point  of  tin  by  the  solu- 
tion of  other  metals  in  it,  that  is  the  depression  caused  by  the  alloy- 
ing of  one  atomic  weight  of  the  given  metal  in  100  atomic  weights 
of  the  tin,  to  have  the  following  values. 


For  Nickel 

2.94 

Silver 

2.93 

Gold 

2.93 

Copper 

2.91 

Thallium 

2.86 

Sodium 

2  84 

Mean  2.90 

If  these  metals  in  their  alloys  with  tin  are  monatomic,  the  formula  ot 

>Jour.  Chem.  Soc,  55,666,  1889;  Chem.  News,  68,  305,  1893. 
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van  t*Hoff  gives,  since  2"=  504.5°,  Z=  14.25  and  the  atomic 
weight  of  tin  is  1 18.8  (later  determinations  give  1 18.5), 

J/  = j^ =  .02  .  T^\\  18.8  •  Z=  3.01. 

The  agreement  between  this  calculated  value  for  the  atomic  lowering 
and  the  observed  values  seemed  sufficiently  close  to  warrant  the 
conclusion  that  these  metals  are  monatomic  in  their  alloys  with  tin. 

G.  Meyer  *  found,  from  the  electromotive  force  of  cells  whose 
electrodes  were  amalgams  of  different  concentrations  of  the  same 
metal,  that  the  metals  with  which  he  experimented  (Zn,  Cd,  Pb, 
Sn,  Cu,  Na)  are  monatomic  in  their  solutions  in  mercury.  The 
natural  conclusion,  then,  seems  to  be  that  the  metals  have  but  one 
atom  to  the  molecule.  The  probable  correctness  of  this  supposition 
will  be  discussed  more  fully  later. 

If  then  we  assume  that  tin  and  copper  are  monatomic  in  their 
alloys  with  nickel  and  put  the  values  of  the  atomic  weights  in  the 
formula  above  given,  we  find  (Cu  =  63.6  and  Sn  =  1 18.5)  : 


For 

A/>i  (Calculated). 

^t\m  (Observed). 

Copper 

26.3<> 

10.5*> 

Tin 

14.  !• 

7.3° 

The  observed  values  are  much  smaller  than  the  calculated.  The 
lowering  of  the  point  of  transformation  is  not  inversely  proportional 
to  the  atomic  weight  for,  if  this  were  the  case,  the  depression 
caused  by  one  per  cent,  of  tin,  as  calculated  from  that  observed  to 
be  due  to  one  per  cent,  of  copper  would  be  5.6°  instead  of  7.3°. 
The  agreement  would  be  better  if  we  assumed  two  atoms  to  the 
molecule  rather  than  one,  but  there  is  no  reason  for  doing  this. 
While  the  methods  of  Heycock  and  Neville  and  of  Meyer  show 
that  the  metals  with  which  they  experimented  are  monatomic  at 
the  melting  point  or  when  in  solution  in  mercury,  it  is  possible  that 
in  a  solid  condition  the  molecules  may  be  highly  associated.  In 
fact  the  great  departure  from  the  law  of  Dulong  and  Petit  at  high 
temperatures  might,  perhaps,  be  accounted  for  in  this  way. 

For  other  alloys  of  nickel  the  depression  of  the  point  of  trans- 

»Zcitschr.  f.  Phys.  Chem.,  VII.,  477,  1889. 
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formation  does  not  obey  the  law  of  van  t'Hoff  even  so  well  as  do 
copper  and  tin.  The  next  series  of  alloys  which  I  tested  were  of 
nickel  and  silver  prepared  at  the  University  of  California.  The 
nickel  was  melted  in  a  graphite  crucible  lined  with  a  mixture  of 
calcined  magnesia  and  alumina  like  that  used  by  Messrs.  Allen  and 
Day  as  insulation  in  the  furnace  which  they  employed  to  standard- 
ize the  normal  platinum  —  platinum-io  per  cent,  rhodium  thermo- 
couple/ and  the  formula  for  which  was  given  me  by  Dr.  Day. 
The  graphite  crucibles  so  lined  were  found  satisfactory.  In  this 
way  a  series  of  nickel-cobalt  alloys  were  made  and  two  alloys  of 
nickel  and  silver  containing  4  and  8  per  cent,  of  silver  respectively. 
On  testing  these  alloys,  the  temperature  of  transformation  was  found 
to  be  390°  C.  irrespective  of  the  amount  of  silver.  The  perme- ' 
ability  of  the  alloys  was  found  to  be  lower  than  that  of  the  nickel, 
however,  by  more  than  the  percentage  of  the  silver  present. 

M.  Levin  studied  a  series  of  nickel-gold  alloys  with  from  o  to  90 
per  cent,  of  gold.^  The  temperature  of  transformation  was  inde- 
pendent of  the  amount  of  gold  in  the  alloy  and  was  near  310*^  C. 
The  fact  that  the  different  specimens  of  nickel  show  so  widely  vary- 
ing points  of  transformation  is  probably  due  in  large  measure  to  the 
impurity  of  some  of  them.  The  presence  of  iron  or  cobalt  would 
raise  this  temperature  slightly  while  carbon  would  lower  it  con- 
siderably. For  example,  the  commercial  nickel  used  in  my  alloys 
and  melted  in  the  lined  graphite  crucible  transformed  at  390°  C, 
while  a  specimen  of  the  same  metal  which  had  been  melted  in  the 
unlined  graphite  crucible  became  unmagnetic  at  300*^  C 

Alloys  containing  equal  parts  of  nickel  and  gold  and  of  nickel 
and  platinum  were  found  by  Lampadius  ^  to  be  as  permeable  as  pure 
nickel.  It  may  be  that  in  the  cases  of  the  nickel-silver  and  nickel- 
gold  alloys  we  have  to  do  with  mixtures  resembling  chryohydrates 
rather  than  solid  solutions. 

Osmond,  and  later  Dumas,  determined  the  transformation  points 

of  nickel-iron  alloys  and  found  that  this  point  rises  with  the  amount 

of  iron  till  the  latter  reaches  30  per  cent,  and  then  falls  again,  so 

that  the  temperature  of  transformation  may  have  the  same  value  for 

>  Physical  Review,  XIX.,  p.  177,  1904. 
^Zeitschr.  f.  anorgan.  Qiem.,  45,  p.  238,  1904. 
•Wiedemann,  «*  Elcktricitaets  Lchre,''  III.,  p.  784. 
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two  values  of  the  iron  content.  Dumas  tested  a  small  number  of 
alloys  of  nickel  and  chromium  and  of  nickel  and  manganese.  2.7 
per  cent,  of  chromium  depressed  the  point  of  transformation  125°,  or 
42°  per  per  cent. ;  4.3  per  cent,  depressed  it  225°,  or  52°  per  per 
cent,  while  greater  amounts  of  chromium  did  not  cause  further 
lowering  of  the  temperature  of  transformation,  indicating  probably 
that  the  chromium  was  no  longer  forming  a  solid  solution  with 
the  nickel. 

In  the   nickel-manganese  alloys,  the  depressions  of  the  trans- 
formation point  were : 


Per  Cent.  Mn. 


Depression. 


3.7 

8.8 

13.0 


80** 
110 
200 


Depression  per  Per  Cent. 

210 

12 

15 


In  both  the  nickel-chromium  and  the  nickel-manganese  alloys, 
the  lowering  of  the  point  of  transformation  is  not  proportional  to  the 
amount  of  chromium  or  of  manganese  in  the  alloy  but  is  irregular. 
The  alloys  of  Dumas  contained  as  high  as  1.5  per  cent,  of  iron 
which  would  vitiate  the  results. 

Alloys  of  nickel  and  cobalt  were  studied  by  Guertler  and  Tam- 
mann.*  The  transformation  point  rose  regularly  from  that  of  nickel 
to  that  of  cobalt  (1100°  C).  Moisson^  prepared  borates  of  iron, 
cobalt  and  nickel  but  the  temperatures  of  transformation  were  not 
given,  though  the  compounds  were  magnetic.  Alloys  of  nickel  and 
antimony  were  made  by  K.  Lossern.' 


Metal  with  Nickel. 

Atomic  Weight. 
52.1 

Depression  per  Per  Cent. 

Observer. 

Chromium. 

45*  C.     Irregular. 

Dumas. 

MaDganese. 

55.0 

16®  C.     Irregular. 

Dumas. 

Iron. 

56.0 

Point  rises. 

Osmond- Dumas. 

Cobalt. 

59.0 

Point  rises. 

Guertler-Tammann. 

Copper. 

63.6 

10.5*>.     Regular. 

Hill. 

Silver. 

107.9 

Independent  of  alloy. 

Hill. 

Tin. 

118.5 

7.3*>.     Regular. 

Hill. 

Gold. 

197.2 

Independent  of  alloy. 

Uvin. 

>  Zeitschr.  f.  anorgan.  Chem.,  42,  p.  353,  1903. 
*  Ann.  de  Chim.  ct  de  Phys.  (7),  9,  272,  1905. 
'Zeitschr.  f.  anorgan.  Chem.,  49,  p.  58,  1906. 
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The  experimental  results  already  given  for  the  effect  of  various 
metals  upon  the  transformation  point  of  nickel  are  collected  in  the 
table. 

There  appears,  then,  to  be  no  simple  relation  between  the  atomic 
weights  of  the  metals  named  in  the  table  and  their  effect  in  chang- 
ing the  temperature  of  transformation  of  nickel  when  in  alloy  with 
them.  As  already  stated,  we  probably  do  not  know  the  molecular 
weights  of  the  metals  at  ordinary  temperatures.  Professor  Howe, 
of  Columbia  University,  says  in  his  book  on  **  Iron,  Steel  and  Other 
Alloys  **  that  in  alloy-steel  two  parts  of  molybdenum  replace  one 
part  of  chromium  as  might  be  expected  from  their  atomic  weights. 
In  the  light  of  the  experiments  upon  nickel  alloys  just  described,  I 
do  not  think  that  we  can  recognize  any  so  general  law.  In  the 
cases  of  manganese  and  chromium  alloyed  with  nickel,  a  concentra- 
tion is  reached  where  a  further  addition  of  the  second  metal  causes 
no  greater  lowering  of  the  transformation  point,  and  with  gold  and 
silver  this  point  of  saturation,  if  we  may  call  it  so,  is  reached  at  a 
very  low  concentration  if  there  is  a  true  solid  solution  of  these 
metals  in  the  nickel  at  all.  It  might  be  of  value  to  know  to  what 
extent  the  properties  of  the  alloy-steels  are  due  to  changes  in  the 
nature  of  the  iron  itself  and  how  much  to  the  nature  of  the  other 
constituents  of  the  alloy.  It  is  certain  that  the  addition  of  a  small 
amount  of  manganese  or  chromium  to  steel  produces  an  effect  greatly 
out  of  proportion  to  the  amount  added  if  we  consider  the  proper- 
ties of  the  alloy  as  in  a  sense  the  mean  of  those  of  the  components. 
It  is  only  therefore  in  the  most  general  way  and  on  physical,  rather 
than  on  chemical  grounds,  that  the  properties  on  an  alloy  of  iron  or 
nickel  with  any  other  metal  can  be  predicted.  We  might  expect  an 
alloy  to  present  properties  like  those  of  the  metals  composing  it,  but 
this  is  not  necessarily  the  case  as  is  seen  in  the  copper-aluminium 
alloys.  Both  of  these  metals  are  soft  and  ductile  but  the  alloy  is 
very  hard  and  somewhat  brittle.  It  is  probable  that  the  properties 
of  any  alloy  will  always  have  to  be  found  by  experiment  though  some 
surmises  may  be  made  beforehand  as  to  their  character. 
Physical  Laboratory, 

University  of  Kansas, 
January,  1907. 
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ROTATION   AND   ELLIPTIC   POLARIZATION   PRO- 
DUCED   BY   IRON   FILMS   IN   A 
MAGNETIC   FIELD.^ 

By  W.  D.  Harris. 

THE  rotation  of  plane  polarized  light  passing  through  metallic 
films  in  the  direction  of  a  magnetic  field  has  been  determined 
by  Kundt,'  DuBois,*  Lobach,*  Righi,*  and  others.  Righi  also  dis- 
covered that  an  iron  film  produced  at  the  same  time  a  small  ellip- 
ticity  in  the  transmitted  ray,  which,  measured  for  red  light,  gave  a 
ratio  of  2^g  for  the  two  axes  of  the  ellipse.  Righi's  discovery  of 
the  effect  of  iron  under  the  influence  of  a  magnetic  field  led  Cotton  • 
to  investigate  certain  optically  active  solutions  for  the  presence  of 
the  same  phenomenon,  and  in  these  he  discovered  and  measured 
the  ellipticity  of  the  transmitted  light.  By  means  of  a  Brace  half- 
shade  elliptic  polarizer  and  compensator  McDowell  ^  succeeded  in 
extending  the  work  of  Cotton  considerably.  This  suggested  the 
possibility  of  making  with  the  same  system  a  more  thorough  ex- 
amination of  the  elliptic  polarization  produced  by  iron  films  under 
the  influence  of  a  magnetic  field.  The  object  of  this  investigation 
was  primarily  therefore  to  determine  the  ellipticity  produced  by  iron 
films  as  affected  by  wave  length  of  light  and  strength  of  magnetic 
field ;  to  find  the  connection,  if  any,  between  this  and  the  corre- 
sponding rotation  of  the  plane  ;  and  to  test  for  ellipticity  of  the 
reflected  ray,  the  presence  of  which  theoretical  considerations  might 
lead  us  to  expect.     The  experimental  results  led  finally  to  a  study 

>  Read  before  joint  meeting  of  the  Am.  Phys.  Soc.  and  Section  B  of  the  A.  A.  A.  S., 
Ithaca,  June,  1906. 

^Wied.  Ann.,  23,  p.  223,  27,  p.  191. 

»Wied.  Ann.,  31,  p.  941. 

*Wied.  Ann.,  39,  p.  347. 

*  Mem.  R.  Accad.  Sc.  d.  Bologna,  1886,  p.  443. 

•L'  cclairage  Elcctr.,  T.  8,  pp.  162,  198.  Ann.  de  Chem.,  ct  dc  Phyi.,  Scries  7, 
T.  8,  p.  347. 

^Phys.  Rev.,  XX.,  p.  293. 
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of  films  produced  under  different  conditions,  as  there  were  indications 
that  the  presence  of  absorbed  gases  affected  materially  the  magni- 
tude of  the  results  obtained.  In  addition  to  iron,  cobalt  and  nickel 
films  were  also  tested. 

Apparatus. 

Fig.    I  shows  the  arrangement  of  the  optical  system.     Sunhght 
reflected  from  a  heliostat  is  focused  by  lens  N  on  slit  B  placed  at 


Fig.  1. 

the  principal  focal  distance  from  the  achromatic  lens  (f.  The  colors 
dispersed  by  the  prism  D  are  focused  by  E  in  the  plane  of  the  slit 
F,  This  light  is  directed  by  a  total  reflecting  prism  through  polar- 
izer P,  the  film  X  (placed  normal  to  the  field  between  poles  of  the 
magnet),  and  the  half-shade  H  which  is  observed  by  means  of  the 
lens  Z,  through  the  compensator  K  (mounted  on  a  graduated 
circle)  and  analyzer  A. 

Measurement  of  Ellipticitv, —  For  adjusting  the  system,  the  half- 
shade  and  compensator  are  removed,  the  polarizer  and  analyzer 
**  crossed  "  ;  then  the  half-shade  (an  exceedingly  thin  strip  of  mica) 
is  placed  to  cover  half  the  field  and  so  that  its  principal  plane  makes 
an  angle  of  45°  with  the  plane  of  polarization,  as  indicated  by  maxi- 
mum intensity.  The  compensator  K  (also  a  thin  strip  of  mica,  of 
about  twice  the  order  of  the  half  shade)  is  next  introduced  (cover- 
ing the  entire  field)  and  this  rotated  to  produce  a  match  of  intensity 
in  the  two  halves  of  the  field.  A  small  ellipticity  produced  in  the 
originally  plane  polarized  light  is  then  measured  as  proportional  to 
the  angle  through  which  the  compensator  must  be  rotated  to  repro- 
duce the  match.  The  order  of  the  one  used  is  given  by  McDowell 
as   1/40  for  yellow-green   light  ^).     By  rotating  the  compensator 

» Since  Righi  used  for  this  purpose  a  quarter  wave  plate,  the  system  employed  here 
should,  for  the  same  ellipticity,  give  about  ten  tiroes  the  rotation  he  observed,  namely, 
2.5^  where  he  had  15'.  As  may  be  seen  by  referring  to  curve  //",  Fig.  3,  this  magnitude 
was  obtained  with  Hlras  deposited  in  hydrogen. 
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from  a  "match"  through  o. i^  a  marked  contrast  in  the  two  parts 
of  the  field  became  evident.  When,  as  in  the  present  case,  the 
medium  tested  produces  also  a  small  rotation,  the  polarizer  may 
first  be  rotated  to  produce  minimum  intensity  of  field  —  the  condi- 
tion for  maximum  sensibility  —  after  which  the  compensator  is  set 
for  a  match,  the  angle  through  which  it  is  rotated  being  a  measure 
of  the  ellipticity  as  before. 

Measurement  of  Rotation, — To  measure  the  rotation  of  the  plane 
of  polarization,  the  half-shade  and  compensator  were  removed  while 
the  analyzer  A  combined  with  a  Lippich  prism  Li  was  mounted  in 
the  graduated  circle.  With  good  light  a  rotation  of  0.05®  could 
readily  be  detected  by  destroying  the  "  match  *'  of  the  two  halves 
of  the  field  of  view.  In  the  observations  with  films  a  variation  of 
more  than  o.f  ®  from  the  mean  of  several  was  unusual  except  in 
the  violet  where  the  intensity  of  the  transmitted  light  was  very  low. 

The  Electromagnet, — This  consisted  (Figs,  i,  2)  of  two  semi-cir- 
cular cores  (forming  a  circle  about  56  cm.  in  diameter),  wound  uni- 
formly over  the  whole  length  with  no 
pounds  of  No.  14  magnet  wire.  Two 
accurately  planed  soft  iron  wedges  O  and 
5,  Fig.  2,  permitted  the  distance  between 
pole  pieces  to  be  varied  with  ease.  Cold 
water  circulating  through  a  hollow  copper 
tube  wound  next  to  the  core  reduced  the  heating  when  working 
with  the  higher  currents. 

Two  sets  of  pole  pieces  were  provided,  one  pierced  by  an  aper- 
ture of  one  millimeter  diameter,  and  the  other  five.  With  the 
former  a  current  of  i  ampere  gave  through  an  air  gap  of  3.3  milli- 
meters a  field  strength  of  10,000  C.G.S.  units  ;  8.5  amperes,  i  S,ooo; 
23  amperes,  17,000.  By  using  the  pole  pieces  of  smaller  aperture 
with  a  shorter  air  gap  a  much  stronger  field  could  be  produced, 
but  this  proved  unnecessary  in  the  present  work.  The  field 
strength  was  determined  by  the  rotation  it  produced  in  a  tube  of 
carbon  bisulphide  of  given  length,  its  value  being  calculated  from 
Verdet's  constant  as  determined  by  Rayleigh. 

A  500-volt  power  circuit  furnished  the  higher  currents,  a  storage 
battery  the  smaller.  Suitable  rheostats  permitted  the  current  to  be 
varied  by  steps  up  to  24  amperes. 
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Production  of  Films. 

Righi  used  a  film  deposited  by  the  electrolysis  of  ferrous  ammo- 
nium sulphate  on  half-silvered  glass.  Kundt  used  the  same  solu- 
tion, depositing  on  platinized  glass.  He  also  deposited  by  a  cathode 
discharge  in  vacuo. 

All  films  used  in  this  investigation  were  deposited  from  the  cath- 
ode under  the  glow  discharge  after  the  manner  of  Wright/  Long- 
don,*  Kundt,*  Patterson  ^  and  others.  This  was  done  with  a  gas 
pressure  of  less  than  a  millimeter  of  mercury  and  a  current  of  about 
25  milliamperes  furnished  by  a  small  1,000-volt  generator.  The 
character  of  the  deposit  varied  greatly  with  the  distance  of  the  plate 
from  the  cathode  and  some  practice  was  necessary  to  obtain  a  me- 
tallic mirror  deposit  of  sufficiently  uniform  thickness,  this  being 
necessary  since  an  irregular  or  prismatic  film  may  exhibit  double 
refraction  as  pointed  out  by  Kundt.*  The  most  satisfactory  dis- 
tance from  the  cathode  was  found  to  be  2  or  3  millimeters  outside 
the  Crooke's  dark  space. 

Iron  films  were  deposited  in  hydrogen,  nitrogen  and  oxygen.  Only 
those  with  even  mirror  surface  were  used.  Films  deposited  in  hy- 
drogen and  nitrogen  show  by  transmitted  light  a  dark  seal  brown  color 
when  thin  and  transparent,  and  a  steel  gray  appearance  when  trans- 
lucent.    Those  in  oxygen  appeared  a  distinct  reddish  brown. 

As  the  success  of  the  experiment  depended  on  the  purity  of  the 
deposit,  much  care  was  exercised  in  eliminating  impurities  in  the 
cathode.  The  best  grade  of  soft  Swedish  iron,  terminating  in  a  cir- 
cular disc  of  2  millimeters  diameter  was  used. 

To  remove  the  foreign  gases  givenoff"  during  action,  the  discharge 
tube  was  washed  out  repeatedly  with  the  gas  used  during  the  depo- 
sition. Before  starting  the  current  the  system  was  allowed  to  stand 
in  connection  with  a  phosphorus  pentoxide  dryer  to  remove  any  water 
vapor  present.  Thin  sections  of  the  fresh  films  obtained  in  the  dif- 
ferent gases  exhibited  strong  polarity  when  suspended  by  silk  fibers 

*  Am.  Jour.  Science,  Xlll.,  pp.  49-169,  1877, 
«Phys.  Rkv.,  XI.,  pp.  40-84. 
»Wied.  Ann.,  27,  p.  59. 
*Phil.  Mag.,  4,  p.  652. 

«  Wied.  Ann.,  27,  p.  59.  [The  effect  of  lack  of  uniformity  could,  however,  be  obvi- 
ated to  a  large  extent  by  confining  observations  to  a  small  area  of  sufficient  evenness.] 
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in  a  magnetic  field,  while  the  older  ones  showed  it  but  feebly  if  at 
all.  The  difference  was  ascribed  to  gradual  oxidation  of  the  films 
after  exposure  to  the  atmosphere,  since  after  a  time  all  trace  of  both 
magnetic  rotation  and  ellipticity  disappeared.  Nickel  and  cobalt 
films  deposited  from  chemically  pure  cathodes  were  also  obtained 
by  the  same  process. 

Preliminary  Trials. 

As  the  ellipticity  produced  by  iron  was  known  to  be  very  small 
and  perhaps  peculiar  to  the  manner  of  deposition  used  by  Righi, 
various  refinements  in  method  were  at  first  attempted,  to  eliminate, 
if  possible,  all  factors  but  that  arising  from  the  iron  alone. 

Since  the  glass  on  which  the  films  are  deposited  may  become 
doubly  refracting  by  the  heat  during  process  of  deposition,  the 
effect  increasing  with  the  thickness,  the  plan  was  tried  of  mounting 
very  thin  films  of  blown  glass  on  small  glass  frames  and  depositing 
the  film  of  metal  on  the  thin  section  of  glass.  This  method  proved 
unsatisfactory.  The  plan  was  also  tried  of  depositing  the  metal  on 
different  polished  crystals  and  then  by  dissolving  the  crystal  leave 
the  metal  film  to  be  mounted,  but,  though  iron  is  very  tenacious  or- 
dinarily, films  could  not  be  obtained  thin  enough  to  be  transparent 
and  yet  strong  enough  to  be  mounted.  Finally  thin  microscope 
coverglasses,  selected  free  from  double  refraction  before  deposition 
and  then  with  part  of  the  film  removed  by  acid,  also  tested  after 
deposition,  were  found  to  work  very  satisfactorily.  Although  in  a 
nearly  saturated  field  these  produced  a  rotation  of  the  plane  large 
enough  to  be  detected,  yet  it  was  smaller  than  the  fluctuation  in 
observations  made  on  the  film,  and  hence  ignored  in  the  results. 

Another  scheme  was  tried  with  the  hope  of  eliminating  the 
platinized  surface  of  Kundt's  and  the  silvered  of  Righi*s  experi- 
ment. This  was  to  deposit  first  the  exceedingly  thin  conducting 
layer  of  iron  on  the  glass  by  the  cathode  method,  and  use  this  to 
deposit  films  electrolytically  with  the  Varrentrap  bath  method,  but 
no  satisfactory  films  could  be  obtained. 

The  first  iron  films  tested  had  been  deposited  in  nitrogen  a  few 
months  before.  They  revealed  no  ellipticity  though  a  very  small 
rotation  not  caused  by  the  glass  was  present.  These  films  imparted 
to  transmitted  light  the  reddish  brown  tint  of  the  oxide  rather  than 
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that  of  metallic  iron.  In  order  to  avoid  oxidation,  films  were 
therefore  deposited  in  an  atmosphere  of  hydrogen  and  left  in  this 
until  they  could  be  removed  for  an  immediate  test.  These  were 
found  to  possess  to  a  marked  degree  the  power  of  producing  both 
rotation  and  elliptic  polarization,  thus  indicating  that  the  same  was 
destroyed  in  the  old  films  probably  by  oxidation.  In  fact,  as  will 
be  shown,  these  films  gradually  though  slowly  lost  these  properties. 

Study  of  Iron. 

Films  Deposited  in  Hydrogen.  —  Fresh  films,  deposited  in  hydro- 
gen, were  now  tested  for  the  rotation  and  ellipticity  produced  on 
various  wave-lengths  of  transmitted  light  in  a  magnetic  field  of 
definite  intensity.  These  films  were  as  thick  as  was  consistent  with 
reliable  measurements. 

In  Table  I.  are  recorded  two  series  of  such  observations  taken 
on  successive  days  with  a  film  which  had  been  left  unchanged  in  its 
position  during  that  time.^  The  strength  of  field  was  about  7000 
C.G.S.  units  ;  such  as  to  produce   a  nearly  maximum  ellipticity. 

Table  I. 

Film  Deposited  in  Hydrogen,     Strength  of  Fields  7,000  CG.S. 


Wave- 

Piret  Series. 

Second  Series. 

Length. 

Rotation. 

BUipticity. 

Rotation. 

Ellipticity. 

466 ///i 

O^* 

.03** 

0« 

.12® 

521 

0.21 

1.98 

0.22 

2.00 

537 

-- 

2.29 

— 

2.34 

550 

0.47 

— 

0.40 

— 

556 

— 

2.88 



2.88 

561 

0.46 

— 

0.42 

— 

603 

0.62 

— 

0.65 

— 

612 

— 

3.00 

— 

2.97 

621 

0.68 

2.89 

0.64 

2.90 

644 

— 

2.84 

-                       2.83 

657 

0.75 

2.67 

0.76                      2.45 

684 

0.84 

2.50 

0.82 

2.41 

712 

0.84 

2.20 

0.82                      2.20 

^  It  proved  to  be  a  difficult  matter  to  return  a  film,  after  removal,  to  its  original  position 
with  sufficient  accuracy  to  reproduce  observations  within  the  limits  of  error  of  the 
optical  settings,  although  it  was  carefully  diaphragmed  down  to  the  size  of  the  aperture 
in  the  pole-pieces. 
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The  fluctuation  in  the  observed  values  was  generally  largest  at  both 
extremities  of  the  spectrum  where  the  absorption  was  greatest,  but 
this  error  was  in  part  compensated  for  by  making  a  larger  number 
of  settings  for  a  given  wave-length.  In  all  cases  the  double  value 
was  obtained  by  reversing  the  magnetic  field ;  however,  only  the 
single  values  are  recorded. 

The  results  in  Table  I.  are  represented  graphically  by  curves  H 
in  Fig.  3,  the  upper  plot  indicating  the  rotation  of  the  plane  of 
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Fig.  3. 


polarization  with  wave-length,  and  the  lower  the  amount  of  elliptic 
polarization  produced  (in  terms  of  the  rotation  of  the  compensator). 
Comparing  the  rotation  here  with  that  given  by  Lobach  (/.  c),  it 
is  noted  that  in  agreement  with  his  values  it  is  anomalous,  /.  ^.,  it 
increases  with  wave-length ;  but  though  he  observed  that  the  rota- 
tion for  a  wave-length  of  430/i/i  was  about  half  that  for  670////  the 
value  here  drops  to  practically  zero  at  about  470 /i/i.  While  the 
accuracy  of  the  settings  in  this  region  is  not  at  all  good,  yet  these 
values  were  obtained  repeatedly  by  two  observers,  so  that  we  are 
led  to  believe  in  their  correctness.  The  curve  here  is  also  distinctly 
concave  toward  the  axis  of  abscissas,  while  that  of  Lobach  approaches 
closely  to  a  straight  line.  In  the  main,  however,  the  rotation  of  the 
plane  in  this  case  indicates  that  we  have  to  do  with  a  normal  iron 
film. 
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The  ellipticity  of  the  transmitted  light,  given  in  the  lower  plot, 
rises  rapidly  from  a  zero  value,  at  the  same  wave-length  as  the  curve 
of  rotation,  470 /i/i,  to  a  maximum  at  about  590////  and  then  drops 
slowly  towards  the  red  end  of  the  spectrum.  The  point  of  maximum 
ellipticity  lies  in  the  yellow-green  part  of  the  spectrum,  which  quali- 
tative tests  with  a  spectroscope  showed  was  also  the  region  of  least 
absorption. 

When  compared  with  results  given  by  optically  active  solutions 
in  which  an  absorption  region  is  present,  the  ellipticity  produced  by 
iron  also  appears  anomcdotis,  in  the  sense  that,  as  shown  by  Cotton 
and  by  McDowell,  the  latter  reveal  a  maximum  ellipticity  in  the 
region  of  greatest  absorption. 

Films  Deposited  in  Nitrogen,  —  As  stated  above  the  first  films 
tested  had  been  deposited  in  nitrogen  some  time  previously.  The 
fresh  films  from  hydrogen  revealed  such  a  marked  increase  in  action 
over  the  old  that  it  was  questionable  if  this  arose  entirely  from  age. 
To  test  this,  films  were  deposited  in  nitrogen  and  subjected  to  an 
immediate  test.     Table  II.  represents  the  results  obtained  from  one 


Table  II. 

Film  Deposited  in  Nitrogen.     Strength  of  Field,  12,000  CG.S, 


_ 

— 

— 

_ 

_^ 

^ 



Wave- 
Len^hs. 

Rotation. 

Ellipticity. 

Wave- 
Lengths. 

Rotation. 

Ellipticity 

458///^ 

— 

0.03''        I 

564//// 

— 

L90* 

464 

O.IO''^ 

— 

567 

0.18« 

— 

473 

— 

i 

0.52 

579 

0.20 

— 

479 

— 

0.95 

595 

— 

;       1.48 

496 

— 

4> 

1.45        1 

600 

0.23 

j       ■ 

500 

— 

■"  >^ 

1.50        1 

616 

— 

1.43 

503 

Trace. 

639 

— 

L31 

512 

Trace. 

1 

1 

664 

— 

1.23 

530 

— 

9 

1.73       ' 

680 

0.30 

— 

538 

Trace. . 



693 

— 

0.94 

553 

— 

L92 

of  these  which  to  all  appearances  did  not  differ  from  that  obtained 
with  hydrogen.  It  appeared  equally  susceptible  to  magnetism  and 
absorbed  about  the  same  amount  of  light. 

The  rotation  produced  by  this  film  in  a  magnetic  field  of  1 2,000 
C.G.S.  units  is  represented  by  the  curve  Nm  Fig.  3,  upper  plot; 
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and  the  ellipticity  by  Nm  the  lower  plot.  The  rotation  is  less  than 
half  that  of  the  hydrogen  film  —  starting  from  a  zero  value  at  about 
540  ixpL  and  rising  to  about  a  constant  maximum  between  600  and 
680  pLfi,  The  ellipticity  rises  from  a  zero  value  at  the  same  point 
as  the  hydrogen  film,  reaches  a  smaller  maximum  value  at  about 
560 /i/i  instead  of  590,  then  drops  to  a  value  less  than  half  that  of 
the  hydrogen  film  at  690.  On  comparing  the  two  films  for  trans- 
mitted light  by  a  spectroscope,  the  absorption  at  the  extremities  of 
the  spectrum  appeared  somewhat  greater  in  the  nitrogen  film,  than 
in  the  one  deposited  in  hydrogen. 

Films  Deposited  in  Oxygen,  —  Films  deposited  in  oxygen  were 
next  tested  in  a  magnetic  field  of  the  strength  used  in  the  previous 
case,  1 2.000  units.  A  film  was  chosen  of  about  the  same  optical 
density  as  the  others  and  tested,  as  before,  for  both  rotation  and 
ellipticity.  Only  a  trace  of  rotation  could  be  detected  and  this  in- 
creased with  decreasing  wave-length,  which  indicated  that  the  effect 
was  caused  by  the  glass  and  not  the  film.  A  measurable  ellipticity 
was  however  present.    This  is  given  in  Table  III.  and  represented  by 

Table  III. 

Film  Dtpositedin   Oxygen.     Strength  of  Fields  12,000  C.G.S. 


Wave-Length. 

Ellipticity. 

Wave-Length. 

Ellipticity. 

490^;^ 

o.sa^* 

572 /x/i 

0.60'' 

500 

0.55 

585 

0.10 

535 

0.90 

600 

Trace. 

560 

0.84 

705 

No  trace. 

curve  0  in  the  lower  plot  of  Fig.  3.  The  ellipticity  rises  from  a 
zero  value  very  likely  in  the  same  vicinity  as  the  other  curves,  but 
owing  to  the  great  absorption  in  this  region  by  the  oxygen  film  no 
observation  there  could  be  made.  The  maximum  value  of  this 
curve  compared  with  the  others  appears  to  be  shifted  toward  the 
shorter  wave-lengths,  and  possesses  a  magnitude  only  about  half  that 
of  the  nitrogen  film.  The  curve  drops  comparatively  rapidly  also 
toward  a  zero  value  at  about  590 /i/i.  This  film  absorbed  much 
more  light  at  both  ends  of  the  spectrum  than  either  of  the  others 
giving  to  transmitted  light  a  very  different  tint.     Here,  too,  the 
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maximum  ellipticity  was  evidently  in  the  region  of  least  absorption. 

The  results  from  the  films  deposited  in  the  different  gases  leads 
to  the  interesting  question  as  to  how  the  gas  affects  the  qualities  of 
the  film.  As  with  the  others,  the  oxygen  film  showed  magnetic 
susceptibility,  yet  it  is  probable  that  much  of  it. was  in  reality  an 
oxide  of  iron.  It  is  very  likely  also  that  a  certain  amount  of  nitro- 
gen combined  with  the  iron  during  the  process  of  deposition  in 
that  gas,  as  a  continuous  decrease  of  gas  pressure  was  noted, 
though  this  may  have  arisen  from  anode  absorption.^  As  to 
whether  the  film  deposited  in  hydrogen  was  free  from  any  effect 
arising  from  the  presence  of  absorbed  hydrogen  *  remains  at  present 
an  open  question,  as  the  writer  was  unable  to  carry  the  investiga- 
tion farther. 

Deterioration  of  Hydrogen  Films.  —  In  Table  IV.  are  given  com- 

Table  IV. 

Showing  Deterioration  of  Film  Deposited  in  Hydrogen,      Field  Strength^  7,000  C.  G.S. 


Wave- 

Ellipticity. 

Wave- 

Bllipticity. 

Length. 

Satne*  z 
Fresh  Film.     M^n^h  Later. 

Lencfth. 

•  Fre«h  Film.     Month  Later. 

470 /i/i 

0» 

.  621  )U/z 

-            !           2.60° 

504 

-                       1.81* 

626 

2.80                     — 

524 

1.98                       ~             ; 

632 

-                   2.48 

535 

—           ,         2.40        1 

642 

-                    2.48 

538 

2.30 

— 

650 

2.78                  - 

561 

— 

2.64 

658 

2.65 

2.03 

567 

2.80 

—          1 

687 

— 

1.59 

589 

— 

2.79 

691 

2.49 

— 

612 

3.00 

2.64 

712 

2.20 

1.58 

parative  results  of  the  ellipticity  produced  by  a  fresh  film  deposited 
in  hydrogen  and  the  same  film  tested  a  month  later.  The  observa- 
tions were  made  with  a  magnetic  field  of  about  7,000  units.  The 
results  are  plotted  as  before  in  Fig.  4.  Curve  H  represents  those 
from  the  fresh  film,  H'  those  from  the  same  film  one  month  later. 
It  is  evident  that  with  age  the  qualities  of  the  hydrogen  film 
approach  those  of  the  nitrogen  and  oxygen  films,  the  change  being 
greater  with  the  longer  wave-lengths. 

'  See  Skinner.  Phys.  Rev.,  XXI.,  p.  169. 

«  W.  Heald  (Phys.  Rev.)  has  found  that  freshly  deposited  iron  absorbs  a  consider- 
able amount  of  hydrogen  at  pressures  as  low  as  those  used  in  this  work. 
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Fig.   4. 


Variation  of  Ellipticity  with  Intensity  of  Field,  —  In  Table  V.  are 

Table  V. 

Ellipticity  with  Strength  of  Field. 


Field  Intensity 
(C.  O.  8.). 


3,000 

5,600 

9,800 

12,000 


Ellipticity. 

1.09<» 
2.11 
3.03 
3.13 


Field  Intenaity 
(C.  Q.  8.). 

13,400 
13,950 
14,300 

Ellipticity. 

3.15« 

3.18 

3.22 

recorded  the  results  of  observations  of  the  ellipticity  produced  on  a 
wave-length  of  548  ///i  by  a  film  deposited  in  hydrogen,  in  a  mag- 
netic field  of  different  intensities.  The  film  used  was  the  one  which 
served  for  the  results  given  in  Table  I.     Fig.  5  gives  a  graphical 
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Fig.  5- 

representation  of  the  same,  in  which  the  abscissas  represent  the  field 
strength  and  the  ordinates  the  corresponding  ellipticity  it  produced. 
The  curve  shows  that  up  to  an  intensity  of  about  7,000  the  ellip- 
ticity is  proportional  to  the  intensity,  but  beyond  that  the  rate  of 
increase  quickly  drops  to  a  very  small  quantity.     Its  form  is  similar 
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to  that  given  by  Kundt's  results  (1.  c.)  on  the  rotation  of  the  plane 
under  similar  conditions. 

Test  of  Reflected  Light.  —  Righi  suggested  that  the  ellipticity  of 
the  transmitted  light  arises  from  the  unequal  reflecting  power  of  the 
iron  for  the  two  opposite  circular  vibrations  into  which  the  incident 
plane  vibration  is  resolved.  To  test  this  theory  the  observing  sys- 
tem was  removed  to  the  opposite  side  of  the  film  (position  dotted 
in  Fig.  i)  and  the  reflected  light  observed  under  the  same  conditions 
as  the  transmitted  had  been.  With  a  film  which  produced  most 
marked  ellipticity  in  the  transmitted  ray,  repeated  observations, 
with  the  strongest  fields  and  the  best  of  light,  revealed  no  ellipticity 
of  the  reflected  ray.  The  test  was  made  under  conditions  such 
that  a  rotation  of  o.  i  **  of  the  compensator  produced  a  very  clear 
change  in  the  relative  intensity  of  the  two  parts  of  the  field  of  view. 
A  test  of  the  transmitted  component  required  a  rotation  of  the  com- 
pensator of  about  6°  to  reproduce  a  match  on  reversing  the  field. 
If  on  account  of  large  absorption  in  the  film  the  effect  on  reflection 
from  the  front  surface  only  be  taken  into  account,  there  should  have 
been  an  ellipticity  in  the  reflected  light  of  half  that  observed  irv  the 
transmitted,  or  a  rotation  of  the  compensator  of  3°  should  have 
been  required  to  reproduce  a  match  after  reversing  the  magnetic 
field.  This  was  however  certainly  less  than  0.1°.  Hence  it  is  to 
be  concluded  that  the  ellipticity  arises  from  unequal  absorption  of 
the  two  circular  components  in  passing  through  the  film  rather  than 
from  unequal  reflection  at  its  surfaces. 

Test  of  Nickel  and  Cobalt  Films. 

Both  nickel  and  cobalt  films  deposited  in  nitrogen  were  tested 
for  ellipticity  of  the  transmitted  light  under  the  same  conditions  as 
iron.  Though  films  of  these  metals  produce  a  rotation  of  the  plane 
in  a  magnetic  field,  no  ellipticity  of  either  transmitted  or  reflected 
light  could  be  detected  for  any  color,  under  the  best  working  con- 
ditions.    The  films  tested  were  optically  as  dense  as  the  iron. 

The  writer  is  indebted  to  the  late  Dr.  Brace  under  whose  direction 
this  research  was  undertaken,  and  to  Dr.  C.  A.  Skinner  for  assis- 
tance which  made  its  completion  possible. 

The  Brace  Laboratory  of  Physics, 
University  of  Nebraska,  Lincoln. 
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THE  PERCENTAGE  BRIDGE. 


By  a.  C.  Longden. 


ABOUT  six  years  ago,  a  paper  entitled  •*  A  Percentage  Bridge  " 
was  presented  to  the  American  Institute  of  Electrical  Engi- 
neers by  Mr.  Herschel  C.  Parker,  of  Columbia  University. 

The  method  which  this  paper  advocated  does  not  seem  to  me  to 
have  received  the  recognition  which  it  deserves.  It  may  be  partly 
because  we  are  satisfied  to  **  let  well  enough  alone,'*  and  partly 
because  of  the  position  of  commanding  authority  occupied  by  the 
Carey-Foster  method.  Be  that  as  it  may,  the  conclusion  has  been 
gradually  forced  upon  me,  as  I  have  been  using  the  two  methods 
during  the  past  few  years,  that  the  Percentage  Method,  with  a  few 
modifications  is  in  no  way  inferior  to  the  Carey-Foster  method,  and 
that  it  is  in  some  ways  a  little  the  better  method. 

The  percentage  bridge  may  be  briefly  described  as  an  ordinary 
four   gap    slide    wire    bridge, 

such  as  is  shown  in  Fig.  i,  in  r  ®"^ 

which  the  auxiliary  resistances 
A^  and  A^  are  equal,  and  have 
such  a  relation  to  the  resist- 
ance of  the  bridge  wire  that 
a  change  of  one  hundredth 
of  I  per  cent,  in  the  ratio  of 
R^  to  -/?,  shall  produce  a  change  of  one  millimeter  in  the  position 
of  the  balancing  point,  /,  on  the  bridge  wire. 

In  using  the  bridge,  one  of  the  resistance  gaps,  R^  for  example, 
is  used  as  the  substitution  gap.  A  standard  resistance  is  placed  in 
this  gap  and  balanced  against  7?^.  R^  should  be  approximately  equal 
to  -/?,,  so  that  the  balancing  point  shall  be  at  or  near  the  middle  of 
the  bridge  wire.  The  exact  value  of  -/?,,  however,  does  not  need  to 
be  known.  When  the  bridge  is  balanced,  the  test  coil  is  substituted 
for  the  standard  in  the  substitution  gap.     If  this  disturbs  the  balance, 
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the  bridge  is  again  balanced  and  the  distance  in  millimeters  on  the 
bridge  wire  between  the  two  balancing  points  indicates  the  difference 
of  resistance  in  hundredths  of  i  per  cent,  between  the  test  coil  and 
the  standard.  If  the  slider  is  provided  with  a  vernier,  so  that  its 
movements  can  be  read  in  tenths  of  millimeters,  these  readings  cor- 
respond to  differences  in  thousandths  of  i  per  cent. 

This  method,  aside  from  its  usefulness  in  standardizing  rheostats, 
has  a  number  of  real  advantages  over  the  Carey-Foster  method  for 
comparing  standard  resistance  units.  Mr.  Parker  says  :  "  For  the 
comparison  of  standard  resistance  units  of  tl^e  same  value,  the 
Carey-Foster  method,  using  the  '  commutator  Bridge,*  furnishes  a 
very  precise  and  satisfactory  means  of  measurement.'*  Later,  how- 
ever, he  refers  to  the  simplicity  of  the  Percentage  Bridge,  with  its 
four  mercury  cups,  as  compared  with  the  complicated  commutating 
device  of  the  Carey-Foster  bridge,  with  its  twenty  mercury  cups- 
This  is  a  hint  which  I  think  we  ought  to  take,  for  I  fear  we  some- 
times rely  upon  our  measurements  because  we  made  them  with  the 
Carey- Foster  bridge,  when  they  are  really  not  as  reliable  as  we 
suppose.  The  fact  that  we  cannot  repeat  them  with  the  degree  of 
precision  which  the  theory  of  the  method  warrants,  if  we  use  another 
bridge,  or  even  sometimes  with  the  same  bridge,  ought  to  be 
evidence  that  there  is  room  for  a  suspicion  that  something  is  wrong. 
The  simplicity  of  the  percentage  method  and  of  the  apparatus  used 
in  connection  with  it,  ought  at  least  to  entitle  it  to  a  serious  con- 
sideration. 

Two  of  the  strongest  points  in  favor  of  the  Carey- Foster  method 
are  that  the  resistance  of  the  end  connections  of  the  bridge  is 
eliminated,  and  that  the  coils  may  be  interchanged  without  handling 
them.  The  importance  of  the  first  of  these  claims  is  considerable 
when  the  bridge  is  used  in  the  ordinary  way  and  when  all  of  the 
resistances  in  the  bridge  circuit  are  low  ;  but  when  the  end  resist- 
ances amount  to  as  much  as  twenty  ohms  each,  as  they  usually  do 
in  the  percentage  bridge,  the  importance  of  exact  equality  of  the 
end  connections  is  not  as  great.  Suppose,  for  example,  the  resist- 
ance of  one  of  the  end  connections  should  exceed  that  of  the  other 
by  one  hundredth  of  an  ohm,  and  this  is  an  inexcusably  large  ex- 
cess, even  then  the  differciice  is  only  one  twentieth  of  one  per  cent.^ 
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and  the  error  in  the  result  of  the  measurement  is  only  one  twentieth 
of  one  per  cent,  of  one  hundredth  of  one  per  cent,  or  one  part  in 
twenty  million  for  each  millimeter  of  the  bridge  wire  !  Of  course, 
it  is  needless  to  say  that  such  an  error  is  quite  negligible  even  in 
measurements  of  the  highest  attainable  precision.  It  is  evident 
then,  that  spurious  resistances  which  would  be  fatal  to  success  in 
the  Carey-Foster  method,  if  not  eliminated,  are  quite  negligible  when 
the  percentage  method  is  used. 

The  other  claim,  that  the  coils  may  be  interchanged  without  han- 
dling, has,  I  am  inclined  to  believe,  lost  much  of  its  importance  with 
recent  improvements  in  the  construction  of  resistance  standards. 
The  Carey-Foster  commutator  was  invented  when  the  British  Asso- 
ciation form  of  resistance  standard  was  the  only  one  in  vogue. 
When  the  wire  of  which  the  coil  was  made,  was  securely  packed 
away  in  a  thick  mass  of  heat  insulating  material  in  order  that 
changes  of  temperature  might  be  retarded  as  much  as  possible,  it 
was  important  that  the  coils  to  be  compared  should  be  placed  in  oil 
baths  several  hours  before  the  final  tests  were  made ;  and  it  was 
equally  important  that  they  should  not  be  disturbed  during  the 
tests.  The  present  method  of  constructing  resistance  coils  requires 
that  the  wire  shall  be  exposed  to  the  oil  as  fully  as  possible,  so  that 
a  coil  at  any  temperature,  within  reasonable  limits,  may  be  placed 
in  an  oil  bath  and  it  will  assume  the  temperature  of  the  oil  in  a  few 
minutes.  The  only  important  change  resulting  from  such  a  course 
will  be  a  slight  change  in  the  temperature  of  the  bath  ;  and  as  this 
can  be  easily  determined  and  readjusted,  the  matter  is  not  at  all 
serious.  Furthermore,  the  temperature  of  the  coil  may  be  brought 
to  the  temperature  of  the  bath  by  means  of  an  auxiliary  bath,  so 
that  no  perceptible  change  of  temperature  need  occur  when  one  coil 
is  substituted  for  another.  It  must  also  be  remembered  that  even 
if  the  temperature  of  the  bath  be  changed,  it  is  perfectly  legitimate 
to  compare  the  resistance  of  a  test  coil  at  one  temperature  with  the 
resistance  of  a  standard  at  another,  and  finally,  it  must  also  be  re- 
membered that  the  case  to  which  I  have  referred  is  an  extreme  one. 
It  is  far  more  likely  that  the  two  coils  will  be  in  oil  baths  at  the 
same  temperature,  or  perhaps  they  will  be  in  the  same  bath.  Of 
course,  it  is  important  that  the  conducting  rods  and  the  metal  parts 
of  the  mountings  should  not  be  heated  by  contact  with  the  hand. 
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Fig.  2. 


I  am  not  arguing  that  it  is  just  as  well  to  handle  the  coils  as  not 
to  handle  them,  but  I  do  argue  that  the  importance  of  the  matter 
is  not  as  great  with  the  Reichsanstalt  form  of  coil  as  with  the  B.  A. 
form.  I  will  also  add  that  if  the  interchange  without  handling  re- 
quires a  commutator  with  twenty  mercury  cups,  the  operation  is  at 
least  questionable. 

If  it  is  really  important  to  substitute  one  coil  for  another  without 
moving  or  touching  the  coils,  this  can  be  accomplished  much  more 
easily  in  the  percentage  bridge  than  in  the  Carey- Foster  bridge.     It 

is  only  necessary  to  extend 
the  terminals  of  the  substitu- 
tion gap  a  short  distance,  as 
at  A,  in  Fig.  2,  placing  a  cop- 
per block  carrying  three  small 
mercury  cups  or  one  large 
one  at  B,  The  two  coils  to  be 
compared,  R^  and  R^  may  then 
be  placed  side  by  side  in  the 
same  oil  bath  and  may  remain  undisturbed,  and  either  one  of  them 
may  be  short  circuited  by  means  of  the  heavy  copper  loop,  Z,, 
while  the  other  is  being  balanced  against  R^,  The  resistances  of  the 
loop  and  of  the  extension  bars  may  be  very  small,  but  it  is  not 
necessary  that  they  should  be  negligible  for  they  do  not  enter  into  the 
measurement  at  all,  as  the  substitution  occurs  at  their  extremities. 
Another  distinct  advantage  of  the  percentage  method  is  its  sen- 
sitiveness. In  the  Carey-Foster  bridge,  the  bridge  wire  must  be 
comparatively  large,  in  order  that  small  differences  of  resistance 
may  be  easily  detected  and  measured.  Of  course,  there  is  no 
special  reason  why  the  wire  should  not  be  large,  except  that  a  large 
wire  means  a  small  range ;  but  there  must  be  a  limit  somewhere, 
beyond  which  we  could  scarcely  expect  to  go.  It  may  be  said  in 
general,  whatever  the  size  of  the  wire,  that  with  the  same  bridge 
wire,  the  same  galvanometer  and  the  same  current  flowing  through 
the  standard  coils,  it  is  about  as  easy  to  measure  thousandths  of 
one  per  cent,  with  the  percentage  bridge  as  to  measure  hundredths 
of  one  per  cent,  with  the  Carey-Foster  bridge. 

The  auxiliary  coils  A^  and  A^  in  Fig.  I,  not  only  serve  the  pur- 
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pose  of  adjusting  the  percentage  ratio  to  one  hundredth  of  one  per 
cent.,  but,  having  a  resistance  of  about  twenty  ohms  each,  they 
protect  the  standard  coils  from  heavy  currents,  making  it  unneces- 
sary to  introduce  added  resistance  into  the  battery  circuit,  outside 
of  the  bridge  circuit,  as  is  done  in  measuring  low  resistances  by  the 
Carey-Foster  method. 

The  battery  and  galvanometer  should  be  arranged  as  in  Fig.  i, 
connecting  one  of  the  battery  wires  between  R^  and  R^  and  the 
other  to  the  slider.  This  puts  the  auxiliary  coils  in  series  with  the 
standard  coils  and  also  with  the  bridge  wire,  protecting  the  entire 
system  of  standard  resistances. 

Another  advantage  of  the  percentage  bridge  which  is  at  least 
worth  mentioning,  is  its  range.  As  has  already  been  remarked, 
the  Carey- Foster  bridge  is  an  instrument  of  low  range,  usually  one 
per  cent,  or  less,  because  of  the  low  resistance  of  the  bridge  wire. 
In  the  percentage  bridge  adjusted  to  a  percentage  ratio  of  one 
hundredth  of  one  per  cent,  per  millimeter,  the  range,  for  a  bridge 
having  a  wire  a  meter  long,  is  ten  per  cent,  minus  a  small  fraction 
of  each  end  of  the  wire,  upon  which  the  slider  cannot  be  operated. 

One  of  the  special  fields  in  which  the  percentage  bridge  is  very 
useful  and  exceptionally  convenient  is  the  measurement  of  tempera- 
ture coefficients.  It  is  not  necessary  to  compare  the  resistance 
under  test  with  a  standard  or  even  to  know  its  resistance  at  all.  It 
is  simply  placed  in  the  substitution  gap  and  balanced  against  R^ 
Its  temperature  is  then  changed  and  a  new  balance  obtained. 
Since  the  distance  in  millimeters  between  the  two  balancing  points 
on  the  wire  is  numerically  equal  to  the  change  in  resistance  in 
hundredths  of  one  per  cent.,  it  is  only  necessary  to  read  this  dis- 
tance and  divide  it  by  the  change  in  temperature  in-  degrees  to 
obtain  the  temperature  coefficient. 

The  real  object  of  this  paper  is  yet  to  be  stated.  I  have  thus  far 
considered  only  the  virtues  of  the  percentage  bridge.  It  has  one 
fault, — just  one  I  think.  It  is  the  purpose  of  this  paper  to  point 
out  the  fault  and  to  present  a  simple  method  of  eliminating  the 
errors  resulting  from  it. 

If  the  auxiliary  resistances  have  such  a  relation  to  the  resistance 
of  the  bridge  wire  that  a  change  of  one  hundredth  of  one  per  cent, 
in  the  ratio  of  -^ ,  to  ^j,  produces  a  change  of  one  millimeter  in  the 
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position  of  the  balancing  point  on  the  bridge  wire  at  any  stated  posi- 
tion^ this  will  not  be  strictly  true  at  any  other  position.  Mr.  Parker 
has  taken  an  average  v^wt,  for  the  ratio  of  the  resistance  of  the  aux- 
iliary coils  to  that  of  the  bridge  wire,  and  has  assumed  that  it  is  a 
sufficiently  close  approximation  for  all  positions  of  the  slider.  He 
states  the  value  of  this  ratio  as  19.6  to  i.  That  is,  the  resistance 
of  each  auxiliary  coil  must  be  1 9.6  times  the  resistance  of  the  bridge 
wire.  Now  as  a  matter  of  fact,  if  the  bridge  is  balanced  exactly  in 
the  middle,  this  ratio  should  be  19.5  to  i.  It  is  19.6  to  i  if  the 
balancing  point  is  ten  centimeters  from  the  middle  of  the  wire. 

It  is  quite  obvious  that  for  a  small  range  near  the  middle  of  the 
wire,  the  errors  arising  from  Mr.  Parker's  assumption  are  not  very 
large,  but  it  is  also  quite  obvious  that  this  is  true  only  for  a  very 
small  range,  and  that  the  results  are  strictly  correct,  only  when  the 
bridge  is  balanced  at  a  point  ten  centimeters  from  the  middle  of  the 
wire.  The  errors  may,  as  Mr.  Parker  suggests,  be  minimized  by 
adding  compensating  resistances  to  the  auxiliary  resistances  when 
the  balancing  point  is  a  considerable  distance  from  the  center.  This, 
of  course,  means  different  ratios  for  all  different  positions  of  the  slider. 

Instead  of  thus  complicating  the  apparatus  and  only  minimizing 
the  errors,  we  propose  that  the  errors  be  wholly  eliminated  by  using 
a  single  set  of  auxiliary  coils,  correct  for  the  middle  point  on  the 
wire,  and  applying  a  suitable  scale  of  corrections  for  other  points. 
The  following  table  furnishes  the  corrections,  worked  out  for  points 
ten  centimeters   apart  on  the  wire. 


A 

B 

c 

D 

10«»  toward  R^ 

fSi  or  101.005% 

1% 

.005% 

20 

\%\,  or  102.020 

2 

.020 

30 

\%\,  or  103.046 

3 

.046 

40 

\%\,  or  104.082 

4 

.082 

50 

\%\,  or  105.128 

5 

.128 

10"°  toward  R^ 

igf,  or    99.005 

1 

.005 

20 

\l\,ox    98.020 

2 

.020 

30 

m^ox   97.044 

3 

.044 

40 

yj,or    96.078 

4 

.078 

50 

igf,  or    95.122 

5 

.122 

In  column  A,  is  found  the  balancing  point  on  the  bridge  wire,  and 
in  column  B,  the  true  ratio  of  the  test  coil  to  the  standard  for  that 
balancing  point.     Column  C  presents  the   uncorrected  difference 
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between  the  test  coil  and  the  standard,  assuming  each  millimeter  of 
the  wire  as  .01  per  cent.  The  corrections  are  given  in  column  D. 
These  corrections  are  a  trifle  larger  for  points  on  the  half  of  the 
wire  running  toward  R^^  than  for  corresponding  points  on  the  other 
half;  R^  being  the  substitution  gap.  This  is  because  in  that  case 
the  ratio  of  R^  to  R^  increases  as  the  balancing  point  r  uns  toward  R^, 
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/y 

JO 
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£t 

^ 

y^ 

f 

' 

4 

^                            1 

r                J 

\                            A-J^^Stft^           ^ 

Fig.  3. 

Fig.  3  presents  curves  from  which  may  be  taken  the  correction 
for  any  point  on  the  wire.  The  uncorrected  differences  in  column  C, 
are  plotted  as  abscissae  and  the  corrections  in  column  Z>,  as  ordinates. 
The  upper  curve  is  for  the  first  half  of  the  table  and  the  lower  curve 
for  the  second  half.  A  mean  between  the  two  would  be  within  .003 
per  cent,  of  either,  even  at  the  extremities  of  the  wire,  where  the 
errors  are  maximum.  The  corrections  are  given  in  hundredths  of 
one  per  cent  and  are  to  be  added  to  the  uncorrected  results,  using 
the  upper  curve,  if  the  bridge  readings  run  toward  /?^,  and  the  lower 
curve,  if  the  readings  run  toward  R^ ;  R^  being  the  substitution  gap. 

With  these  corrections  properly  applied,  the  percentage  method 
of  comparing  standard  resistances  becomes  a  precision  method  of 
the  highest  rank. 

I  have  said  nothing  about  errors  due  to  the  irregularities  in  the 
bridge  wire,  but  of  course  the  wire  may  be  calibrated  for  the  per- 
centage bridge  as  well  as  for  any  other. 
Knox  College  Physical  Laboratory, 
Galesburg,  III.,  November  23,  1906. 
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A  SPECTRO-PHOTOMETRIC  STUDY  OF  THE  ABSORB- 
ING  POWER   AND   THE   FLUORESCENCE 
OF   RESORUFIN. 

By  pRANCiis  G.  Wick. 

IT  has  frequently  been  observed  that  the  color  of  the  light  emitted 
by  a  fluorescent  solution  is  altered  by  a  change  in  the  concen- 
tration of  the  solution.  A  dilute  solution  of  fluorescein,  for  example, 
gives  a  green  fluorescence,  while  the  light  emitted  by  a  concentrated 
solution  of  the  same  substance  shows  a  distinctly  yellow  tinge.  In 
other  words  an  increase  in  concentration  causes  the  maximum  of 
the  fluorescence  spectrum  to  shift  toward  the  longer  wave  lengths. 

Such  a  shift  might  result  from  a  real  change  in  the  period  of 
vibration  of  the  fluorescent  molecules,  /.  e,,  the  form  of  the  typical 
fluorescence  spectrum  might  depend  upon  the  concentration  of  the 
solution.  But  the  observed  change  in  the  fluorescence  spectrum 
might  equally  well  result  from  a  change  in  the  absorbing  power  of 
the  solution.  The  light  emitted  by  portions  of  the  active  substance 
in  the  interior  of  the  solution  must  pass  through  the  solution  before 
emerging,  and  is  therefore  weakened  by  absorption.  Since  the 
maximum  of  the  fluorescence  spectrum  does  not  occur  at  the  same 
wave  length  as  the  maximum  absorption,  being  always  slightly  dis- 
placed in  the  direction  of  the  longer  waves,  it  is  clear  that  different 
portions  of  the  fluorescence  spectrum  will  be  affected  by  absorption 
in  varying  degree  ;  the  shorter  waves  will  always  be  absorbed  most 
strongly.  The  maximum  of  the  fluorescence  spectrum  is  therefore 
always  shifted  toward  the  red  to  some  extent,  and  the  increased 
absorbing  power  of  concentrated  solutions  causes  the  shift  due  to 
this  cause  to  increase  with  the  concentration. 

The  experiments  described  in  the  present  paper,  the  object  of 
which  was  to  determine  whether  the  typical  fluorescence  spectrum 
changes  with  the  concentration    or   whether  the  shift  referred  to 
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above  is  caused  by  absorption  only,  were  undertaken  at  the  sug- 
gestion of  Professors  Nichols  and  Merritt,  to  whom  the  author 
wishes  to  acknowledge  her  indebtedness.  To  their  advice  and 
kindly  criticism  is  due  whatever  may  be  of  value  in  the  results. 

The  substance  used  was  resorufin,  whose  strong  fluorescence  in 
the  yellow-red  is  conveniently  excited  and  readily  observed.  The 
experimental  work  naturally  falls  under  three  heads  as  follows : 

1.  The  relation  between  absorption  and  thickness,  to  test  whether 
or  not  the  absorption  of  a  fluorescent  solution  obeys  the  exponen- 
tial law  of  optically  perfect  substances. 

2.  The  relation  between  absorption  and  concentration,  to  test  the 
application  of  Beer's*  law,  /.  e.,  that  an  increase  in  the  concentra- 
tion of  a  solution  is  equivalent  to  an  increase  in  thickness. 

3.  The  fluorescence  spectra  of  six  dilutions  of  resorufin  were 
observed  to  determine  whether  or  not  there  is  any  shift  in  the 
maximum  of  fluorescence  as  concentration  changes. 

The  first  and  second  of  the  problems  under  consideration  have 
been  investigated,  to  some  extent,  by  B.  Walter  ^  and  by  Nichols 
and  Merritt.^  The  results  here  given  for  resorufin  are  entirely  con- 
sistent with  those  obtained  by  these  authors  for  other  substances. 

Historical. 

The  history  of  the  investigations  upon  fluorescence,  as  related  to 
the  above  problems,  is  briefly  as  follows  : 

In  1888  B.  Walter,*  using  the  Vierordt  spectrophotometer,  found 

that   the  ratio  of  the  fluorescent   light  emitted  to  total  incident 

light  absorbed,  FljA^  increases  with  dilution.     This  law  had  been 

previously   conjectured  by  Lommel,*  whose  mathematical  theory 

Walter*  used  in  verifying  his  own  results.     In  connection  with  this 

work  Walter  tested  Beer's^  law  of  absorption  for  fluorescein  by  four 

measurements.     He  found  the  law  to  hold  true  for  dilute  but  not 

for  concentrated  solutions. 

»  Beer,  Pogg.  Ann.,  86,  p.  78. 

«B.  Walter,  Wicd.  Ann.,  34,  1888. 

'Nichols  and  Merritt,  Studies  in  Luminescence,  Physical  Review,  Vols.  18-21. 

<B.  Walter,  Wied.  Ann.,  34,  1888. 

^Lommel,  Pogg.  Ann.,  160,  p.  76,  1877. 

•B.  Walter,  Wied.  Ann.,  36,  p.  502,  1889. 

'Beer,  Pogg.  Ann.,  86,  p.  78. 
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Walter  briefly  states  his  conclusions  as  follows  ;  "  Ability  to 
excite  fluorescence,  FljA^  in  the  most  concentrated  solutions,  is 
infinitely  small  or  zero.  After  FljA  obtains  a  measurable  value 
it  increases  in  proportion  to  dilution  to  a  certain  dilution  called  the 
*  critical  point.'     For  greater  dilutions  FlJA  remains  constant." 

In  explanation  of  the  above,  Walter*  advances  a  molecular  group 
theory  which  is  of  interest,  preceding  as  it  does,  the  present  theory 
of  ionization  given  by  Buckingham.*  Walter  summarizes  his  theory 
in  the  following  statements : 

1.  Ev^ry  separate  molecule  of  a  given  substance  in  solution 
absorbs,  so  long  as  it  remains  in  the  separate  condition,  the  same 
fraction  of  the  light  falling  upon  it  no  matter  how  great  its  distance 
from  other  molecules  in  the  solution  may  be. 

2.  Every  separate  molecule  of  a  given  fluorescent  substance  in 
solution,  so  long  as  it  is  in  the  separate  condition,  changes  the  same 
fraction  of  absorbed  light  into  fluorescent  light,  no  matter  how  great 
its  distance  from  neighboring  molecules  may  be. 

3.  As  soon  as  molecules  begin  to  combine  in  groups  the  validity 
of  these  statements  ceases.  Fluorescence  entirely  ceases  in  such  a 
group  and  absorption  extends  over  wave  lengths  which  a  separate 
molecule  is  not  able  to  absorb. 

Walter's  idea  of  the  separate  molecule  seems  to  correspond  closely 
with  what  is  now  known  as  the  ion. 

In  1894  E.  Buckingham*  performed  a  series  of  careful  experi- 
ments to  discover  whether  or  not  fluorescent  substances  are  in  a 
state  of  ionization.  His  investigations  led  to  the  conclusion  that,  at 
least  in  some  cases,  fluorescence  is  due  to  ionization  and  produced 
only  by  that  part  of  a  solution  which  is  ionized.  Certain  ions,  along 
with  their  other  well  known  optical  properties,  possess  this  property 
of  fluorescence. 

The  spectro-photometric  work  of  Nichols  and  Merritt  deals  with 
many  of  the  phenomena  of  fluorescent  substances,  only  a  few  of 
which  need  be  mentioned  here.  The  following  facts  observed  by 
them*  for  fluorescein  are  also  true  for  resorufin  as  will  be  shown  in 
the  third  part  of  this  paper  : 

»B.  Walter,  Wied.  Ann.,  36,  p.  518,  1S89. 

>E.  Buckingham,  Zeitschrift  fur  Physikalische  Chemie,  14,  p.  129*  1^94- 

8  Nichols  &  Merritt,  Physical  Review,  Vol.  18,  No.  6,  1904. 
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1.  The  characteristic  fluorescence  band  is  situated  near  the  edge 
of  the  absorption  band  and  is  steeper  on  the  side  toward  the  violet. 

2.  As  fluorescent  light  passes  through  greater  thicknesses  of 
liquid,  the  position  of  the  maximum  in  the  fluorescence  spectrum  is 
shifted  toward  the  red. 

3.  The  effect  of  diluting  a  fluorescent  solution  is  similar  to  that 
of  diminishing  the  distance  through  which  the  fluorescent  light 
travels. 

Method  of  Observation. 

The  instrument  used  for  this  work  was  the  spectro-photometer 
of  Lummer  and  Brodhun.     The  position  of  the  collimator  tubes 
A  and  B  (Fig.  i),  was  adjusted  until  the  image  of  the  sodium  line 
from  the  slit  c  coincided  with 
the  same  line   from   slit   D 
This  line  was  set  to  division 
10  of  the  vernier  attached  to 
the  telescope,  T,  and  the  in- 
strument clamped  in  this  po- 
sition. 

The  source  of  light  was  an 
acetylene  flame  5  from  which 
light  was  diffusely  reflected 
by  a  block  of  magnesium  car- 
bonate, n,  mounted  at  an  an- 
gle of  45°  with  axis  of  the 
collimator  A,  For  observa- 
tions on  transmission  a  similar 
block  of  magnesium  carbon- 
ate was  placed  in  front  of  the 
slit  D. 

The  work  was  performed  in  a  room  with  black  walls,  the  acetylene 
flame  being  the  only  source  of  light.  Screens  were  adjusted  so 
that  no  stray  light  could  strike  any  part  of  the  instrument  and  thus 
produce  error. 

The  solution  under  consideration  was  placed  in  front  of  slit  D^ 
the  width  of  which  was  kept  constant  during  a  single  set  of  obser- 
vations.    The  ocular  lenses  of  the  telescoi>e  were  removed,  the  eye 


Fig.    1 .     Shows  the  apparatus  arranged  for 
measurements  of  fluorescence. 
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being  focused  upon  the  face  of  the  prism  magnified  by  the  objective 
of  the  telescope  7! 

In  making  observations  the  width  of  slit  c  was  adjusted  by  means 
of  a  micrometer  screw  until  the  central  band  of  light  reflected  from 
KL  was  brought  into  the  best  possible  coincidence  with  that  trans- 
mitted through  the  upper  and  lower  parts  of  the  cube  from  Z>. 

The  results  given  represent  an  average  of  from  5  to  lo  settings, 
the  zero  point  of  the  screw  attached  to  c  being  carefully  determined 
and  caution  being  taken  to  avoid  error  due  to  lost  motion. 

The  hydrogen  lines  of  a  vacuum  tube,  together  with  a  few  of  the 
Frauenhofer  lines,  were  used  for  calibration. 

Composition  of  Resorufin. 
Weselski's  diazo-resorufin,*  the  fluorescent  substance  used  in  this 
investigation,  has  the  formula 
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Fig.  2.     Transmission  spectrum  of  layer  1.075  cm.  thick.     Concentration  y%. 

I  Berichte,  22,  3036.     Acknowledgment  should  be  made  to  Professor  W.  R.  Orndorff 
for  his  kindness  in  preparing  the  resorufin  used  in  this  work. 
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Dissolved  in  absolute  alcohol  it  is  bright  red  in  color  with  a  sharply 
defined  fluorescence  band  extending  from  .54^54  to  the  limits  of  the 
visible  spectrum  in  the  red.  The  transmission  spectrum  given  in 
Table  I.  and  Fig.  i  shows  the  absorption  band  corresponding  to 
this,  and  also  a  smaller  absorption  band  in  the  region  of  the  extreme 
violet 

Table  I. 

Transmission  through  layer  of  resorufin  1.075  cm.  thick. 
Concentration  1/8. 


/  izr^  Intensity  of  light  after  transmission. 
X  =:  IVave-length. 


I 


/. 


384 /i 

45 

39 

46 

394 

46 

407 

46 

413 

46 

42 

46 

429 

46 

438 

45.5 

448 

45.5 

457 

45.05 

468 

45.05 

48 

45.725 

492 

45.725 

508 

44.7 

524 

44.7 

542 

46.27 

562 

46.41 

589 

46.25 

614 

46.55 

646 

46.623 

69 

44.525 

72 

41.25 

6 
12 

20.25 
16 
13.625 

9.75 

9.95 
12.1 
14.15 
22.275 
25.975 
32.05 
28.875 
24.4 
17.575 
11 

7.525 
11.64 
32.275 
45.625 
44 
41 


■■  Transmission. 

.111 

.261 

.438 

.347 

.297 

.213 

.217 

.266 

.32 

.497 

.579 

.70 

.63 

.538 

.394 

.241 

.162 

.253 

.706 

.981 

.99 

.99 


For  this  work  different  concentrations  of  resorufin  were  used. 
These  are  merely  relative  and  are  indicated  as  **  concentration  i, 
h  l»  tV»  ^V»  ^\  ^"^  T^if»"  ^^^  original  solution  being  taken  as  \. 
All  curves  corresponding  to  the  above  concentrations  are  indicated 
by  the  letters  A,  B,  C,  D,  £,  Fand  G  respectively. 
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Absorption  and  Thickness. 

The  first  problem  under  consideration  was,  as  stated  above,  to 
find  whether  a  fluorescent  solution  acts  like  an  optically  perfect 
substance  in  obeying  Lambert's  law  of  absorption,  u  e.,  whether 

where  /^  and  /  are  the  intensities  before  and  after  transmission,  and 
X  is  the  thickness  of  the  absorbing  layer. 

To  test  this  law  the  coefficient  of  absorption,  ^,  was  calculated 
from  observations  taken  with  cells  of  different  inside  thickness,  the 
measurements  of  these  cells  being  made  with  great  care. 


-- o -  — 


*...T- 


Fig.  3. 
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The  larger  cell  was  measured  with  micrometer  calipers.  Thick- 
ness of  glass  =  a,  ^  (Fig-  3)-  Outside  thickness  of  that  part  of  the 
cell  used  for  transmission  =  C,     Inside  thickness  =  T. 

r=  C—  (a  +  ^)  =  2.05  cm. 

In  the  case  of  small  cell  (Fig.  4),  calipers  could  not  be  used  to 
measure  the  thickness  of  glass.  The  cell  was  placed  under  a 
travelling  microscope  to  measure  the  average  inside  thickness  of  the 
top.  The  outside  thickness  at  the  points  indicated  in  the  figure 
was  measured  with  calipers. 

7^=  r'  +  («  —  w)  =  1.075  cm. 

It  was  assumed  that  thickness  of  glass  from  top  to  bottom  of  cell 
remained  constant  since  broken  pieces  of  the  same  glass  varied  not 
more  than  .01  mm. 

To  determine  the  transmission,  the  cell  containing  the  resorufin 
was  placed  in  front  of  slit  D  (Fig.  i),  care  being  taken  that  no 
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direct  light  from  5  should  strike  the  cell,  and  light  from  the  block 
of  magnesium  carbonate,  in  front  of  slit  D  (not  shown  in  the  figure), 
was  transmitted  through  it.  The  reading  of  C  was  taken  to  get  the 
relative  intensity,  /,  of  the  light  transmitted  for  different  wave  lengths. 
After  each  observation  the  cell  containing  resorufin  was  removed 
and  an  identical  one  filled  with  absolute  alcohol  put  in  its  place. 
The  reading  of  C  in  this  case  gave  the  value  of  incident  light  before 
absorption,  /^.  From  these  observed  values  oi  I^  and  /,  together  with 
the  thickness  of  the  absorbing  layer,  the  coefficient  of  absorption  was 
computed. 

As  a  check  upon  these  results  a  different  method  of  observation  • 
was  used.     Keeping  D  (Fig.  i)  constant,  the  reading  C^  was  taken 
for  the  light  alone.     A  reading  of  C^  was  then  taken  with  alcohol 
in  front  of  C  and  resorufin  in  front  of  D, 

-^  =  Incident  light  (/,), 

C 

-J  =  Transmitted  light  (/), 

D 

As  a  further  check  the  positions  of  alcohol  and  resorufin  were  re- 
versed, the  alcohol  being  placed  in  front  of  D  and  the  resorufin  in 
front  of  C.     Then 

I  _c. 

From  these  data  the  value  of  the  coefficient  of  absorption  for  each 
wave  length  was  found  to  be  practically  the  same  as  that  found  by  the 
first  method  and  independent  of  the  thickness  of  the  cell.  Absorp- 
tion curves  plotted  from  average  values  obtained  by  both  methods, 
using  cells  of  two  thicknesses  are  identical,  as  shown  in  Fig.  5.*    The 

'  Figures  5,  6,  and  7  give  only  reladTe  Talues  of  coefficients  since  they  are  drawn  from 
data  computed  upon  the  basis  of  ordinary  instead  of  natural  logarithms.  To  get  from 
the  cunres  the  absolute  value  of  coefficients  given  in  the  tables  multiply  by  2.3. 
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Fig.  5.     Coefficient  of  absorption  as  computed  from  cells  of  different  thickness. 

absorption  coefficients  for  different  concentrations  and  also  the  data 
from  which  the  computation  was  made  are  given  in  Table  II. 

Table  II. 

Coefficient  of  absorption  computed  from  cells  of  different  thickness. 

Concentration  =  1/16. 

/q  7=  Intensity  of  light  before  transmission, 

I  ^r  Intensity  of  light  after  transmission, 

ft  =.  Coefficient  of  absorption. 


\ 

Thicknc 

/o 

5««0fCcll=I. 

075  cm. 

Thickn 

cat  of  Cell  =  5 

1.05  cm. 

/o 

^ 

.429;/ 

79.9 

35.76 

.7476 

81.85 

19.95 

.6884 

.438 

78.82 

48.36 

.4539 

80. 

25.93 

.5495 

448 

80.2 

53.58 

.3746 

82.45 

33.7 

.4363 

457 

79.49 

62.55 

.2223 

80.6 

48.3 

.2495 

468 

81.58 

66.12 

.1805* 

80.36 

54.5 

.1702' 

48 

78.94 

70.01 

.1175 » 

82.28 

61.35 

.1267* 

492 

76.14 

64.78 

.15 

80.5 

57.05 

.1678 

508 

76.55 

57.55 

.2653 

79.68 

43.13 

.2993 

524 

76.8 

45.83 

.4808 

78.93 

29.58 

.4786 

542 

75.64 

34.56 

.7283 

78.48 

17.32 

.7369 

562 

75.91 

25.37 

1.02' 

78.68 

10. 

1.0304 » 

589 

75.84 

30.92 

.8354 

79.37 

18.97 

.6979 

614 

75.19 

63.41 

.1579 

79.85 

54.08 

.1899 

646 

73.57 

72.21 

.0169 

80.89 

75.8 

.0316 

69 

64.93 

63.85 

.0148 

71.33 

69.2 

.0144 

1  These  values  are  average  results  from  a  number  of  observations. 
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It  appears  therefore  that  the  absorption  of  resorufin  is  in  accord- 
ance with  Lambert's  Law.  Deviations  from  this  law,  if  present,  are 
at  least  too  small  to  be  detected  by  the  experimental  methods  used. 

Absorption  and  Concentration. 
The  second  set  of  experiments  was  undertaken  to  study  the  rela- 
tion between  absorption  and  concentration  and  thus  test  the  validity 
of  Beer's  law  for  a  fluorescent  substance,  /.  ^.,  "  Increasing  the  con- 
centration of  a  solution  is  equivalent  to  a  like  increase  in  thickness." 


Oonc*  ri'f'ro.iTlon. 


Fig.  6.     Curves  showing  effect  of  change  in  concentration  uf>on  coefficient  of  absorp- 
tion *  of  ware-lengths  marked  on  curves. 

The  same  method  of  observation  was  employed  for  this  as  for  the 
preceding  work,  no  changes  in  the  apparatus  being  necessary.  The 
coefficient  of  absorption  was  found  for  different  concentrations,  the 
solution  being  placed  in  a  cell  2.05  cm.  thick  if  dilute,  and  in  cell 
1.075  cm.  thick  if  concentrated.  This  change  of  cell  is  permissible 
'  See  footnote  on  page  363. 
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since,  according  to  the  results  obtained  above,  Lambert's  law  of 
absorption  applies  to  resorufin.  The  absorption  coefficient  of  differ- 
ent wave  lengths  was  thus  obtained  for  seven  concentrations. 

Figs.  6  and  7  give  the  results  of  these  observations.     It  will 
be   noticed  from  these  curves  that  the  coefficient  of  absorption, 
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Fig.  7.     Average  coefficients  of  Absorption*  for  different  concentrations  taken  from 
Table  III. 

in  the  case  of  dilute  solutions,  increases  in  direct  proportion  to 
concentration.  For  concentrated  solutions,  this  proportion  fails, 
the  concentration  increasing  more  rapidly  than  the  absorption.  This 
is  true  for  all  the  wave  lengths ;  in  every  case  the  curve  starts  out 
as  a  straight  line  for  dilute  solutions  and  bends  downward  as  higher 
concentrations  are  reached. 


Table  III. 

Coefficient  of  absorption  for  corresponding  wave-lengths  in  different  concentrations. 


. 

^  — 

— 

— 

A 

i 

\ 

i 

^ 

.\      ! 

h 

i   Th 

.413 /r 

2.254 

1.8814 

1.2132 

.7125 

.3107  1 

.1444 

'  .0276 

.42 

2.806 

2.2793 

1.4237   1 

.8533 

.4360 

.1984 

i  .0775 

.448 

2.53 

1.5364 

.7935   1 

.3565 

.1860  , 

.0897 

i  .0368 

.48 

1.336 

.6934 

.3864 

.1734 

.0749  ' 

.0586 

.0367 

.524 

3.162 

1.8584 

1.1247 

.5349 

.2783  1 

.1453 

.0692 

.562 

3.473 

3.0797 

2.0171 

.989 

.5441 

.3036 

.1442 

.614 

.3864 

.3082 

.1550 

.0995 

.0484 

.0524 

1  .0265 

Average 

2.2782 

1.6624 

1  1.0162  + 

.5313 

.2683  i 

.1417 

.0597 

•  See  footnote  on  page  363. 
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Fig.  7  shows  the  average  coefficient  of  absorption  for  the  seven 
wave-lengths  as  a  function  of  the  concentration.  This  curve  is 
used  later  for  finding  the  coefficient  of  absorption  for  different  dilu- 
tions, especially  careful  measurements  for  the  concentration  1/16, 
being  taken  as  a  basis  of  calculation.  The  values  thus  obtained, 
given  in  Table  IV,  were  used  in  all  subsequent  computations  in- 
volving the  coefficient  of  absorption. 

Table  IV. 

Coefficients  of  absorption  computed  from  average  of  careful  observations  for  concentration 
1/16  and  average  absorption  concentration  curve.      (Fig.  7. ) 


.524// 

.542 

.562 

.589 

.614 

.646 


_    i__ 

2.1986 
3.266 
4.3608 
2.7324 
.49335 
.95588 


i 

1.60471 
2.385 
3.175 
1.995 
.36087 
.0698 


_    i 

.9841 

1.455 

1.946 

1.219 
.22157 
.0428 


.51313  I 
.76245  I 
1.0177  I 
.63733  ' 
.115322; 
.0223      I 


.2599 

.38398 

.5154 

.3227 

.05842 

.0113 


.12995 

.19251 

.25783 

.16146 

.0292 

.00575 


.0651 

.09637 

.1288 

.0807 

.0146 

.00283 


The  above  results  agree,  in  fevery  respect,  with  those  given  by 
Walter.^  Beer's  law  is  true  for  dilute  solutions  but  fails  for  greater 
concentrations,  as  is  indicated  by  the  deviation  of  the  curve  from  a 
straight  line.  The  straight  form  of  the  curve  (Fig.  7)  up  to  concen- 
tration 1/8  corresponds  to  what  Walter  calls  ''complete  solution  ** 
in  which,  he  says,  the  molecules  are  in  a  "  separate  state."  Concen- 
tration 1/8  may  be  regarded  as  his  **  critical  dilution"  where  a 
change  seems  to  take  place  in  the  condition  of  the  fluorescent  sub- 
stance. Solutions  more  concentrated  than  1/8  correspond  to  those 
called  by  Walter  "incomplete"  in  which  ''molecular  groups"  exist. 

Interpreted  according  to  the  ionization  theory  the  curve  (Fig.  7) 
indicates  that  in  dilutions  less  than  I  /8  a  state  of  complete  or  nearly 
complete  ionization  has  been  reached.  At  this  point  a  change  takes 
place,  more  resorufin  being  contained  in  the  solution  than  is  ionized. 
As  the  concentration  increases,  more  and  more  of  the  solution 
remains  undissociated.  It  appears  that  the  undissociated  resorufin 
is  not  only  incapable  of  fluorescence,  but  is  also  much  less  effective 
m  causing  absorption  than  is  the  dissociated  substance. 


^  B.  Walter,  Wied.  Ann.,  36,  pp.  502  and  518,  1889. 
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Fluorescence  and  Concentration. 

For  observation  of  the  fluorescence  spectrum  the  spectro-photo- 
meter  was  adjusted  as  before.  In  front  of  slit  D  (Fig.  i)  was 
placed  a  glass  cell  5.4  cm.  long  containing  the  resorufin  solution. 
This  cell  was  entirely  covered  with  black  paper  except  for  a  space 
about  1.5  cm.  high  across  the  bottom  of  the  face  next  to  the 
exciting  light  5',  and  two  narrow  strips  x  and  y.  The  opening 
;ir  was  to  allow  light  to  enter  collimator  slit,  while  j,  directly  opposite, 
was  used  only  for  adjusting.  The  source  of  illumination  used  to 
produce  fluorescence  was  a  bank  of  four  acetylene  flames  5'. 
Between  these  and  the  fluorescent  solution  was  placed  a  glass 
cell  filled  with  water  to  prevent  the  heating  of  the  resorufin.  The 
comparison  source  was  another  acetylene  burner,  5,  light  from  which 
was  reflected  into  the  slit  C,  by  a  block  of  magnesium  carbonate,  n. 
The  cell  containing  the  resorufin  was  so  placed  that  light  from  the 
whole  layer  of  solution  next  the  inside  surface  of  glass  came 
through  the  slit  D  of  the  collimator. 

It  is  clear  that  a  portion  of  the  fluorescent  light  is  absorbed  by 
the  solution  before  reaching  D ;  and  attention  has  already  been 
called  to  the  fact  that  this  absorption  will  be  different  for  different 
parts  of  the  fluorescence  spectrum.     If  the  fluorescence  is  measured 


Fig.  8.  Fig.  9. 

in  the  manner  indicated  above  it  is  therefore  necessaiy  to  apply  a 
correction  for  absorption  before  the  typical  fluorescence  spectrum 
can  be  determined.  Two  methods  of  making  this  correction  have 
been  used.  In  the  first  method  the  necessary  correction  was  com- 
puted as  follows  : 

Let  P  be  any  point  in  the  slit  (Fig.  8).  The  source  of  the  light 
reaching  Pis  a  cone  in  the  fluorescent  liquid  converging  toward  P, 
The  angle  of  this  cone  is  determined  by  the  aperture  of  the  object 
glass,  EF,  of  the  collimator.    Any  part  of  this  cone  cut  off"  by  the 
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glass  walls  of  the  cell  or  by  the  upper  surface  of  the  solution  is 
supplied  by  total  reflection. 

Consider  a  disk  bounded  by  two  circular  sections  of  this  cone  at 
distances  x  and  x  +  dx  respectively  from  the  apex,  P  (Fig.  9). 
The  amount  of  fluorescent  light  reaching  P  from  such  a  disk  as  this 
will  be  independent  of  x^  provided  no  absorption  takes  place,  for, 
while  the  area  of  the  section  varies  as  x^,  the  intensity  of  the  light 
reaching  P  from  each  small  portion  of  the  disk  varies  as  ijx^.  The 
fluorescent  light  that  would  reach  P  from  such  a  disk  if  there  were 
no  absorption  is  therefore  kdx,  where  ^  is  a  function  of  the  wave- 
length, X, 

Since  the  light  emitted  by  each  section  of  the  cone  is  in  part  ab- 
sorbed, we  have  for  the  light  reaching  P  from  one  of  the  disks 

di^  kdxe'f^' 
and  the  total  light  reaching  P  from  the  whole  cone  is 


-r 


where  a  is  the  thickness  of  the  fluorescent  solution.     Hence 

I  —  e-^' 


i=>k 


/3 
and 


I  -^^« 


While  the  /  in  this  expression  represents  the  light  reaching  one 
infinitesimal  portion  of  the  slit,  it  is  clear  that  the  total  light  reaching 
the  slit  is  proportional  to  i.  It  is  also  evident  that  k  is  proportional 
to  the  total  amount  of  light,/,  of  the  wave-length  considered  that 
is  emitted  by  the  fluorescent  substance  per  unit  volume.     Hence 

J  ,  fia  • 


The  curve  showing  the  relation  between  /  and  X  is  the  **  typical 
fluorescence  spectrum." 
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Table  V. 

Observed  fluorescence  intensity  before  correction  is  made  for  absorption.     Measurements 
made  according  to  Method  I ^  fluorescence  excitation  extending  over  whole  face  of  cell. 


A 

i 

i 

A 

h        \ 

^ 

tJf 

.524 /i 

1.77 

2 

2.1 

2          1        2.08 

2.4 

.542 

1.86 

2.1 

2.2 

2           i         2.13 

2.41 

.562 

3.46 

4.67 

5.61 

7.66              7.43 

7.266 

.589              30.29 

46.44 

56.64 

34.87            23.21 

16.17 

.614              79.46 

95.49      1 

95.27 

34.03            17.63 

1L62 

.646        1       86.6 

76.3 

66.27 

17.73      1        8.9 

6.88 

.69          1       59.27 

42.42 

46.23 

12.67      1        7.28 

Table  VI. 

Observed  fluorescence  intensity  reduced  to  such  a  scale  as  to  make  intensity  of  wat^e- 
length  .589/4.      The  same  as  observed  fluorescence  in  Table  VI  il. 

A 

\          1 

i 

tV 

i^       \       -h       \ 

Tk 

.524 /z 

5.38 

4.08 

3.192 

3.32 

3.578 

3.116 

.542 

5.65 

4.284 

3.344 

3.32 

3.66 

3.229 

.562             10.52       1 

9.53 

8.53 

12.715 

12.78 

9.736 

.589 

92.17        1 

94.64 

j       86.06 

57.95 

40.41 

2L68 

.614 

241.558      1 

194.8 

144.81 

(    56.49 

30.32 

15.57 

.646 

263.26       1 

155.65 

100.73 

,    29.43 

15.308 

9.22 

.69 

180.18       ! 

86.54 

70.27 

1    2L03 

12.52      I 

To  investigate  the  effect  of  concentration  upon  the  position  of 
the  fluorescence  band  observations  were  made  in  six  concentrations. 
Table  V.  gives  values  of  observed  fluorescence  before  any  correc- 
tion is  made  for  absorption.     Table  VI.,  graphically  represented  in 


Corrected  fluorescence. 


Table  VII. 

Value  of  f  talculated  from   Table   V.  according  to  formula 
/^  7,31(7 -^P"). 


A 

} 

i 

i         tV 

r  ^.v 

"    ^ 

Tif 

.524 /z 

2.841 

L968 

1        1.148 

.67 

.53 

.52 

.542 

4.436 

3.056 

L74 

.86 

.632 

.566 

.562 

10.98 

9.088 

1       5.734 

4.196 

2.558 

L85 

.589 

60.438 

56.61 

37.2 

13.62 

6.35 

3.665 

.614 

33.34 

29.757 

1     23.55     . 

7.27 

3.455 

2.203 

.646 

19.31 

15.55 

'      12.83 

3.339 

L6S 

L217 
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Table  VIII. 

Intensity  of  fluorescence  of  different  concentrations  at  wave-length  .589//. 


Observed  fluorescence. 

Corrected  fl  u  o  r  e  s  - 
ccnce,  f.  ^.,  value 
of  ^  as  obtained 
from  formula. 


i 

\ 

i 

tV 

h 

A 

75.5 

92.17 

94.64 

86.06 

57.95 

40.01 

206.115 

183.879 

115.366 

54.85 

22.53 

11.044 

21.68 


4.86 


Fig-  10,  gives  the  same  sets  of  observations  so  reduced  in  scale  as 
to  be  comparable  in  intensity  with  each  other.  Thus  reduction  was 
made  by  multiplying  the  data  for  each  concentration  by  such  a  fac- 
tor as  to  give  wave-length  .589//  the  same  value  as  that  given  as 
the  observed  fluorescence  pf  the  corresponding  concentration  in 
Table  VIII. 

The  curves  in  Fig.  10  show  the  observed  values  of  /  as  a  function 
of  ^  for  six  different  concentrations  of  the  solution.  The  shift  in  the 
maximum  caused  by  a  change  in  concentration  is  here  well  marked. 


0^9p 


aeojui 


0.65/1 


0.70JJI 


Fig.  10.     Observed  fluorescence  intensity,  showing  shift  of  maximum,  with  change  in 
concentration. 
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Table  VII.  gives  the  result  of  correcting  values  in  Table   V. 
for  absorption  according  to  the  above  formula,  the  value  of/*,  which 


ass/A  oj&0)x  a69/A 

Fig.  1 1.     Fluorescence  curves  corrected  for  absorption. 


200 


ISO 


100 


1 


£      30 


/ 

1 

1 

ft 

-^ 

I 

^ik    i 

\          i 

t 

\ 

Corrdctad. 


Observed. 


ConcentnUlon. 
Fig.  12.    Intensity  of  observed  and  corrected  fluorescence  for  diflTerent  concentrations 
at  wave-length  .589/1. 
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is  proportional  to  actual  fluorescence  intensity  (see  page  369),  being 
found  in  each  case.  These  values  are  plotted  in  Fig.  1 1  according 
to  an  arbitrary  vertical  scale  which  makes  the  height  of  each  curve 
approximately  proportional  to  intensity  of  fluorescence  for  the  cor- 
responding concentration.  It  will  be  observed  that  these  curves 
are  similar  in  form,  the  maximum  wave-length  being  approximately 
the  same,  about  .595  {i. 

For  purposes  of  comparison  a  series  of  measurements  was  made 
to  determine  the  relative  intensity  of  different  concentrations  at 
wave-length  .589  n,  keeping  all  conditions  constant.  Table  VIII. 
shows  the  results.     In  Fig.   12  the  curves  marked  "observed" 


190 


t3 


I  100 


tiu 


ass/x  aeop.  cesM 

Fig.  13.  Observed  fluorescence  produced  by  light  from  I  mm.  section  passing 
through  different  thicknesses  of  solution. 

Thickness  of  D^  =  I  mm. 
Thickness  of  D,  =  i  cm. 
Thickness  of  D,  =  2  cm. 

gives  the  actual  observed  fluorescence.  The  "  corrected  "  curve  has 
for  ordinatcs  the  value  of/  computed  from  the  formula  (page  369) 
and  shows  the  relative  intensity  of  actual  fluorescence  in  different 
concentrations. 

The  following  method  of  obtaining  the  corrected  fluorescence 
curves  was  used  as  a  check  upon  the  first,  the  final  results  being 
obtained  yb  a  graphical,  rather  than  mathematical  procedure. 
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The  apparatus  was  set  up  as  before  except  that  the  light  exciting 
fluorescence,  instead  of  striking  the  whole  face  of  the  glass,  was 
allowed  to  strike  only  a  vertical  section  i  mm.  in  width.  The  side 
of  the  cell  next  to  the  exciting  light  S'  was  covered  with  a  black 
paper  screen  having  a  vertical  opening  i  mm.  wide,  through  which 
light  was  admitted.  This  opening  was  set  at  different  distances 
from  the  end  of  the  cell  and  the  fluorescence  intensity  was  measured 
for  three  or  four  different  positions.  In  order  to  make  possible 
accurate  measurements  of  the  distance  from  the  edge  of  the  glass,  a 
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Fig.  14.  Variation  in  intensity  of 
observed  fluorescence  from  i  mm.  section 
transmitted  through  different  thicknesses 
of  solution. 


Fig.  15.     Fluorescence  corrected  for  absorption 
by  graphical  method.     Concentration  =  ^. 


scale  was  etched  upon  the  fiice  of  the  cell  just  above  the  level  of  the 
collimator  slit. 

The  effect  of  absorption  upon  the  position  of  the  maximum  of  the 
fluorescence  spectrum  is  well  shown  in  Fig.  13,  in  which  the  three 
curves  were  taken  with  the  opening  at  different  distances  from  the 
face  of  the  cell. 

In  order  to  correct  for  absorption,  curves  similar  to  those  shown 
in  Figs.  14  and  15  were  plotted  for  each  solution.    These  curves 


No.  40 


FLUORESCENCE  OF  RESORUFIN. 


375 


show  the  variation  in  the  intensity  of  the  fluorescent  light  with  the 
thickness  of  the  liquid  through  which  the  light  passes.  From  the 
intercept  of  one  of  these  curves  upon  the  y  axis  the  intensity  of  fluor- 
escence can  be  found  when  the  thickness  becomes  zero.  In  such  a 
case  there  is  no  absorption.  The  error  of  extrapolation  was  reduced 
to  a  minimum  by  taking  one  point  very  close  to  the  edge  of  the 
glass. 

The  corrected  values  of  fluorescence  intensity  thus  obtained  were 
used  in  plotting  the  accompanying  fluorescence  curve  in  Fig.  I5« 
The  same  procedure  was  followed  in  the  case  of  each  solution. 
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Fig^.  16.     Fluorescence  curves  corrected  for  absorption  by  graphical  method, 
cal  scale  same  as  for  Fig.  ii. 


Verti- 


The  observations  and  results  obtained  by  this  graphical  method 
are  given  in  Table  IX.  The  corrected  fluorescence  spectra  obtained 
in  this  way  are  plotted  together  in  Fig.  1 6,  the  vertical  scale  being 
such  that  values  for  wave-length  .589 //  are  the  same  as  the  values 
for  the  corresponding  concentration  in  Fig.  11. 


376 


FRANCES  G.   WICK. 


[Vol.  XXIV. 


Table  IX. 

Observed  fluorescence  of  section  1  mm»  wide  from  which  light  is  transmitted  through 
different  thicknesses  of  solution.      The  column  marked  0  thickness  gives  fluores- 
cence intensity  corrected  for  absorption  by  graphical  method,  i,  e.,  by 
extrapolation  from  curves  similar  to  those  in  Fig.  14, 

Concentration  1/2. 


A 

X.5  mm. 

5  mm. 

.524 /i 

1.75 

.542 

2.525 

1.6 

.562 

14.3 

3 

.589 

66.24 

41.5 

.614 

94.49 

70.73 

.646 

42.4 

42 

1.1 

1.5 

1.2. 

2 

1.95    ' 

12.5 

29.63 

114 

61.16 

103 

42.5 

43 

.542 /i 

.562 

.589 

.614 

.646 


x.5  mm. 


2.83 

9.075 

71.375 

88.07 

51.46 


Concentration  1/4. 


5  mm. 


2.1 

4.1 

45.88 

73.73 

48.7 


1.3 

2.325 
21.38 
64.66 
54.375 


3 

13.8 
103.5 
95 
52.3 


Concentration  1/8. 


$mm. 

X  cm. 

0 

2.1 

1.73 

2.5 

2.6 

2.66 

4 

12.083 

7.525 

50 

69.678 

49.56 

109 

79.5 

63.33 

117 

68.4 

56.5 

90 

33.6 

31 

36 

Concentration  1/16. 


A 

I  mm. 

I  cm. 

a  cm. 

0 

.524 /i 

2.83 

3 

3.5 

.542 

5.92 

2.97 

2.83 

8 

.562 

34.87 

8.62 

5.56 

42 

.589 

132.7 

75.95 

55.43 

144 

.614 

121.42 

110.3 

99.6 

124.5 

.646 

67.36 

72.7 

60.27 

70 
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Concentration  1/64. 


A 

X.5  mm. 

5  mm. 

2  cm. 

.508 /x 

3.47 

3.81 

3 

.52* 

4.83 

3.75 

3.75 

.542 

6.16 

4.9 

4.23 

.562 

61.77 

38.5 

25.55 

.589 

145.85 

138 

125.05 

.614 

110.45 

104.86 

96.15 

.646 

58.1 

50.25 

31.7 

4 
4 
7 

76 
150 
113.5 
60 


Concentration  1/128. 


A 

2.5  mm. 

5  mm. 

I  cm. 

0 

.524^ 

4.17 

4.47 

3.45 

4.5 

.542 

6.53 

6.1 

5.33 

6.8 

.562 

25.2 

23.66 

17 

26 

.589 

49.17 

49.5 

47.38 

49.5 

.614 

39.66 

37.66 

38.33 

39.5 

.646 

27.83 

25 

27.5 

28 

A  comparison  of  the  curves  of  Figs.  1 1  and  16  shows  that  the 
results  obtained  by  the  two  methods  are  the  same.  The  typical 
fluorescence  curves  are  all  similar  in  form  and  the  position  of 
maximum  fluorescence  (about  .595  //)  remains  constant  for  all  dilu- 
tions. The  shift  in  the  observed  fluorescence  maximum  is  there- 
fore due  entirely  to  absorption. 

This  fixed  position  of  maximum  fluorescence  seems  to  be  con- 
sistent with  the  theory  of  ionization.  According  to  Buckingham, 
ions  may  have  some  of  the  same  optical  properties  as  other  sub- 
stances and  fluorescence  is  one  of  these  properties.  If  only  the 
ions  fluoresce  the  position  of  maximum  fluorescence  would  evidently 
remain  constant  whether  the  material  of  the  solution  were  all  ionized 
or  not. 

This  fixed  position  of  maximum  fluorescence  is  also  consistent 

with  the  theory  of  Nichols  and  Merritt  ^  that  fluorescence  is  caused 

by  an  unusual  kind  of  dissociation  similar  to  that  produced  in  a  gas 

by  the  action  of  Rontgen  rays.     That  part  of  the  solution  which, 

during  the  process  of  change,  produces  fluorescence  does  not  give 

evidence  of  any  effect  due  to  material  not  dissociated  beyond  that 

of  absorption. 

» Nichols  and  Merritt,  Physical  Review,  Vol.  19,  No.  i,  1904;  Vol.  22,  No.  5, 
1906. 
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Summary. 
The  results  of  the  above  investigation  upon  resorufin,  as  a  typical 
fluorescent  substance,  taken   in   connection  with  the  work  of  B. 
Walter  and  Nichols  and  Merritt,  seem  to  establish  the  truth  of  the 
following  statements  : 

1.  Fluorescent  solutions  are  optically  perfect  substances,  u  ^., 
they  obey  Lambert's  Law. 

2.  Beer's  law,  /.  ^.,  that  increase  of  concentration  is  equivalent  to 
increase  in  thickness,  is  true  for  dilute  but  not  for  concentrated 
solutions. 

3.  A  change  in  the  concentration  of  a  fluorescent  solution  has  no 

effect  upon  the  typical  fluorescence  spectrum. 
Physical  Laboratory 
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Minutes  of  the  Thirty-sixth  Meeting. 

REGULAR  meeting  of  the  Physical  Society  was  held  in  Fayer- 
weather  Hall,  Columbia  Uijiversity,  New  York  City,  on  Saturday, 
March  2,  1907. 

In  the  absence  of  the  president  and  vice-president  Mr.  W.  C.  Sabine 
was  nominated  as  chairman. 

Professor  O.  Lummer,  of  the  University  of  Breslau  addressed    the 
Society  on  The  Temperature  of  the  Sun  and  recent  Solar  Theories. 
The  following  papers  were  then  presented  : 

1.  On  the  Forces  on  the  Interior  of  a  Conductor  Carrying  Current. 

E.  F.  NORTHRUP. 

2.  The  Radiation  from,  and  the  Melting  Points  of.  Palladium  and 
Platinum.     C.  W.  Waidner  and  G.  K.  Burgess. 

3.  The  Viscosity  of  Certain   Isomeric   Ether  Compounds.     F.   M. 
Pederson. 

4.  The  Effect  of  Frequency  upon   the  Capacity  of  Absolute  Con- 
densers.    J.  G.  Coffin. 

5.  The  Physical  Nature  of  Meteor  Trains.     C.  C.  Trowbridge. 

6.  On  Atmospheric  Drifts  above  fifty  Miles  from  the  Surface  of  the 
Earth.     C.  C.  Trowbridge. 

7.  The  Equations  of  the  Fog  Chamber.     (By  title.)    Carl  Barus. 

8.  The  Current  carried  by  Canal  Rays  in  a  Discharge  Tube.     C.  C. 
Perry. 

9.  Note  on  the  Hissing  Metallic  Arc.     W.  G.  Cady. 

10.  The  Relation  between  Luminosity  and  Electrical  Conductivity. 

F.  L.  Tufts.     Adjourned.  Ernest  Merritt, 

Secretary, 

Note  on  the  Fluorescence  of  Sodium  Vapor.^ 

By  Ernest  Merritt. 

''T^HE  recent  experiments  of  R.  W.  Wood  have  shown  that  the  fluor- 

X     escence  spectrum  of  sodium  vapor,  which  exhibits  great  complexity 

when  excited  by  white  light,  is  relatively  simple  when  suitable  mono- 

»  Abstract  of  a  paper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  Decem- 
ber I,  1906. 
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chromatic  exciting  sources  are  used.  The  complex  spectrum  produced 
by  white  light  appears  to  result  from  the  superposition  of  a  number  of 
groups  of  lines,  the  lines  of  each  group  forming  a  spectral  series.  Exci- 
tation by  light  corresponding  to  one  line  of  a  group  produces  a  fluores- 
cence spectrum  which  contains  only  lines  ot  the  same  group ;  but  the  dis- 
tribution of  intensities  among  the  lines  of  a  group  appears  to  depend  upon 
which  line  is  directly  stimulated  by  the  exciting  light. 

Although  none  of  the  numerous  attempts  to  devise  a  mechanical  model 
of  an  atom  have  proven  successful,  it  can  scarcely  be  doubted  that  the 
lines  of  a  given  group  or  series  correspond  to  the  different  natural  periods 
of  vibration  of  one  connected  system.  But  while  it  is  natural  to  expect 
that  the  line  corresponding  to  one  mode  of  vibration  of  such  a  system 
will  be  stimulated  by  exciting  light  of  the  same  frequency,  it  is  at  first 
difficult  to  see  how  such  monochromatic  excitation  can  also  set  up  vibra- 
tions of  different  periods.  In  general  stimulation  of  a  mechanical  system 
by  resonance  is  effective  only  in  the  case  of  exact  or  nearly  exact  unison  ; 
even  a  harmonic  overtone  cannot  be  stimulated  by  its  fundamental,  or  by 
another  tone  of  the  same  series. 

It  has  occurred  to  the  writer  that  this  difficulty  may  be  met  by  taking 
into  consideration  the  effect  of  collisions  between  atoms.  Between  colli- 
sions a  considerable  amount  of  energy  will  be  absorbed  in  the  form  of 
vibrations  of  the  particular  type  that  is  in  resonance  with  the  exciting 
waves.  Whatever  may  be  the  nature  of  what  we  call  a  collision,  it  seems 
certain  that  forces  then  come  into  action  which  will  tend  to  disturb  the 


Fig.  1. 


Fig.  2. 


condition  of  vibration  of  the  atoms.  In  general  the  energy  stored 
between  collisions  will  be  partly  changed  into  translational  energy  and 
partly  transferred  to  other  modes  of  vibration.  The  manner  in  which  it 
is  distributed  among  the  various  possible  types  of  vibration  may  readily 
depend  upon  which  type  of  vibration  was  originally  exerted. 
The  following  will  serve  as  a  simple  mechanical  illustration  of  the 
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principle  involved.  Imagine  two  simple  pendulums,  of  equal  mass  and 
length,  connected  by  a  rigid  massless  rod  mn.  The  two  principal  modes 
of  vibration  of  such  a  system  are  shown  in  Figs,  i  and  2.  In  one  case 
A  and  B  vibrate  in  the  same  phase  and  with  the  same  period  as  though 
mn  were  absent.  In  the  second  case  the  rod  mn  remains  at  rest  and  A 
and  B  vibrate  in  opposite  phase,  the  period  being  that  of  a  pendulum 
of  length  mA,  Let  the  system  be  set  into  vibration  in  the  manner 
shown  in  Fig.  i,  and  as  the  mass  A  passes  through  the  vertical  let  it 
collide  with  a  heavy  elastic  body,  so  as  to  have  its  motion  reversed. 
After  such  a  collision  the  system  will  vibrate  in  the  type  of  vibration  of 
Fig.  2,  with  a  period  shorter  than  before.  In  such  a  case  the  energy  of 
one  type  of  vibration  is  completely  transformed  into  that  of  another  type. 
In  general  the  collision  would,  be  less  complete  and  the  subsequent 
motion  would  be  complex,  involving  vibrations  in  both  of  the  principal 
modes. 

It  might  be  urged  against  this  explanation  of  the  phenomena  that  the 
effect  of  collision  is  merely  to  add  certain  vibrations,  which  in  the  sub- 
sequent motion  are  superposed  upon  the  original  vibration :  but  the 
effect  of  collisions  alone,  without  excitation  by  light,  is  insignificant,  as 
is  indicated  by  the  small  temperature  radiation  of  the  gas ;  hence  no 
effect  as  great  as  required  to  explain  Wood's  results  can  be  expected. 
This  line  of  reasoning  leads  to  the  suggestion  that  the  effect  of  collision 
between  vibrating dXovas  may  be  quite  different  from  the  effect  of  ordinary 
collisions.  In  a  vibrating  atom  the  electrons  will  at  times  be  far  removed 
from  their  equilibrium  positions  and  may  in  consequence  be  greatly  dis- 
turbed by  the  field  of  a  neighboring  atom. 

The  Hissing  Point  of  the  Metallic  Arc.^ 
By  W.  G.  Cady. 

THIS  paper  is  a  preliminary  report  dealing  chiefly  with  the  arc  be- 
tween iron  and  copper  terminals.  Mr.  H.  D.  Arnold,  Assistant 
in  Physics,  is  associated  with  the  writer  in  this  work,  which  is  being 
carried  on  with  aid  from  the  Elizabeth  Thompson  Science  Fund. 

The  fact  should  not  be  overlooked  that  the  so-called  iron  arc  is,  in  air, 
an  arc  between  molten  globules  of  magnetic  oxid  of  iron.  By  letting 
the  arc  burn  until  it  has  become  normal,  observations  can  be  made  that 
compare  in  accuracy  with  those  in  the  case  of  the  carbon  arc. 

Observations  were  first  made  to  verify  the  generally  accepted  linear 
equation  E  ^  a  +  bl  connecting  volts  across  arc  with  length  of  arc  for 
iron  electrodes.  When  curves  were  drawn  showing  the  potential  drop  as 
function  of  the  length  for  different  currents,  it  was  found  that  the  curves 

1  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
December  29,  1906. 
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had  approximately  a  parabolic  form,  suggesting  that  the  equation  should 
have  a  term  involving  \/7. 

The  difficulty  encountered  in  obtaining  reliable  observations  in  the 
neighborhood  of  one  ampere  led  Mr.  Arnold  to  the  detection  of  an 
abrupt  change  in  the  iron  arc,  analogous  to  the  hissing  point  of  the  car- 
bon arc.  For  currents  below  one  ampere,  the  arc  bums  quietly  and 
there  is  no  well-defined  spot  of  light  on  the  globule  at  the  anode.  As 
the  external  resistance  is  decreased  so  that  the  current  increases  beyond  a 
value  depending  largely  on  the  curvature  of  the  globule,  the  arc  suddenly 
contracts,  a  bright  spot  appears  on  the  anode,  hissing  commences,  potential 
difference  drops  and  current  increases  slightly.  Experiment  showed  that 
the  effect  is  confined  mainly  to  the  anode.  When  the  current  is  de- 
creased, the  change  back  to  the  quiet  stage  does  not  take  place  until  the 
current  has  become  smaller  than  it  was  when  hissing  commenced,  due 
doubtless  to  the  high  temperature  at  the  anode.  From  the  point  of  view 
of  spectroscopy,  it  would  be  of  considerable  interest  to  find  out  whether 
the  spectrum  of  the  iron  arc  suffers  a  change  at  the  hissing  point.  A 
brief  examination  showed  nothing  further  than  a  general  brightening  of 
lines,  but  the  question  whether  all  lines  are  brightened  to  the  same  degree 
deserves  attention. 

When  the  current  is  increased  to  about  two  amperes,  the  iron  arc 
emits  a  whistling  sound,  and  the  spot  at  the  anode  has  a  tendency  to 
travel  around  rapidly,  describing  a  circular  ring.  This  recalls  Trotter's 
observation  of  the  rotation  of  the  hissing  carbon  arc.  It  is  planned  to 
examine  this  phenomenon  more  closely,  with  the  aid  of  an  oscillograph. 

With  copper  electrodes  the  hissing  point  can  also  be  found.  It  occurs, 
with  electrodes  6  mm.  thick,  when  the  current  is  about  0.5  amp.,  with 
about  1 10  volts  across  the  arc.  The  arc  between  aluminium  electrodes 
was  too  unsteady  for  the  detection  of  the  effect.  Zinc  has  thus  far  shown 
no  hissing  point.  Something  resembling  a  hissing  point  was  found  with 
an  arc  in  air  between  a  mercury  anode  and  carbon  cathode,  but  this  may 
have  been  due  to  disturbing  causes. 

Lecher's  assertion  that  the  iron  arc  is  a  discontinuous  discharge,  while 
the  copper  arc  is  perfectly  continuous,  was  put  to  the  test  for  both  the 
quiet  and  the  hissing  stages.  A  bolometer  was  substituted  for  the  hot 
wire  used  by  Lecher,  but  it  soon  became  evident  that  the  capacity  and 
self-induction  of  the  bolometer  circuit  tended  to  set  up  oscillations,  caus- 
ing a  *' singing"  iron  arc.  This  fact  tends  to  discount  lecher's  con- 
clusions and  to  make  the  method  inapplicable.  Good  results  were 
obtained  by  connecting  a  self-inductance  of  low  resistance  in  series  with 
the  arc.  The  bolometer  and  condenser  in  series  were  then  connected  in 
parallel  to  the  self-inductance.  In  this  way  the  bolometer  became  heated 
by  oscillatory  currents  set  up  in  the  arc,  without  danger  that  the  bolom- 
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eter  circuit  could  disturb  the  conditions  in  the  arc.  The  results  are 
briefly  these:  the  carbon  and  iron  arcs,  when  quiet,  are  continuous; 
when  hissing,  they  are  oscillatory.  The  copper  arc  seems  always  to  be 
oscillatory,  and  the  smaller  the  current,  the  more  is  the  bolometer  heated. 
This  point,  as  well  as  bolometric  tests  with  other  metals,  is  soon  to  be 
investigated. 

The  Equations  of  the  Fog  Chamber.* 
By  Carl  Barus. 

IN  my  earlier  papers,  greater  symmetry  in  the  final  results  was  obtained 
by  the  use  of  ^  —  jt  (where/  is  the  total  pressure  and  tz  the  vapor 
pressure  of  the  saturated  gas)  both  in  the  isothermal  and  the  adiabatic 
equations.  But  for  the  purposes  of  the  fog  chamber  the  correction  thus 
made  necessary  is  too  large.  Hence  the  following  equations  should  be 
used. 

Let  py  TT,  /o,  T,  denote  the  total  pressure,  the  vapor  pressure,  density 
and  absolute  temperature  of  the  saturated  gas,  c  and  k  the  specific  heats. 
When  the  variables  are  primed  let  them  refer  to  the  vacuum  chamber,  if 
unprimed  to  the  fog  chamber.  Let  subscripts  distinguish  the  different 
thermodynamic  states.  Isothermally  we  have  throughout  p^it^  Rpr 
in  eight  different  cases  ;  adiabatically  t/tj  =  (///,)*"*''*  in  two  different 
cases. 

Let  the  initial  states  of  the  fog  chamber  (before  exhaustion,  chambers 
separated)  be  given  by/,  /»,  t,  and  of  the  vacuum  chamber  by  Z',  /»',  t  ; 
their  final  states  when  in  communication  after  exhaustion  by  /,,  />j,  t. 
Let  their  volume  ratio  be  \y\  F] . 

If  the  two  chambers  had  been  separated  immediately  after  exhaustion 
and  before  any  condensation  or  heating  ensued  (subscript  i  referring  to 
adiabatic  conditions) 

with  a  similar  equation  for  the  vacuum  chamber.  The  volume  expansion 
is  given  by 

If  each  chamber  is  now  allowed  to  reach  atmospheric  temperature  (sub- 
scripts 2  denoting  isothermal  conditions) 

with  a  similar  equation  for  the  vacuum  chamber. 

'  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
March  2,  1907. 
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If  the  temperature  of  the  fog  chamber  is  heated  by  the  condensation 
of  water  alone  from  the  adiabatic  temperature  t^  before  condensation, 
to  Tj  after  condensation,  if  //,  is  the  density  of  water  vapor  at  t^  and  d^  at 
Tj  we  may  write  for  the  determination  of  Tj 

where  c  is  the  specific  heat  of  air  at  constant  volume  and  Z  the  latent 
heat  of  evaporation.  Hence  the  water  precipitated  per  cubic  centi- 
meter is 

where /i  may  usually  be  replaced  by/,. 

If  the  chambers  are  separated  immediately  after  condensation  takes 
place  and  before  other  appreciable  heating  occurs  the/i,  Pu  ^i>  of  the  fog 
chamber  will  change  to  /i,  f»„  r„  solely  from  condensation,  and  this  in 
turn  to  /,,  />,,  r,,  when  isothermal  conditions  are  regained  by  heating 
from  without.     We  then  obtain  for  the  fog  chamber 

A  -  ^  =  (?iAi)( A  -  ^iXP/Ay-^'' 
where 

-      ^  m  +  [z;/  r|  (V/rQ  +  (r/  -  ;,  -  (V  -  ^x))/(  A  -  ^1) 

with  similar  expressions  for  the  vacuum  chamber.     Since  r^  and  pi  are 
given,  pi  may  also  be  computed. 
Finally  we  have  in  general 

(A'  -^)+  [^/nCA  -«)=/-  ^  +  \y/r\(P-') 
or 

[wr|  =  (A-/)/(/-A). 

Carl  Barus. 
Brown  University, 
Providence,  R.  I. 
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THE  TEMPERATURE  COEFFICIENTS  OF  GAS 
VISCOSITY. 

By  Willard  J.  Fisher. 

I.   Sutherland's  Equation,  Pure  Gases. 

HE  researches  of  Graham  *  were  among  the  first  from  which  it 
could  be  with  certainty  deduced  that  gases  do  not  flow  as 
perfect  fluids,  but  have  a  definite  internal  friction.  This  was  ex- 
plained on  the  basis  of  the  Kinetic  Theory  by  J.  Clerk- Max  well,* 
who  showed  that  it  was  to  be  anticipated  that  the  coefficient  of  vis- 
cosity for  a  given  temperature,  would  be  independent  of  the  pressure, 
and  for  a  given  pressure,  would  vary  as  the  square  root  of  the  abso- 
lute temperature.  The  first  of  these  deductions  was  verified  by 
Clerk-Maxwell  himself,'  O.  E.  Meyer,*  and  others,*  using  the  vibra- 
tion method,  which  is  best  adapted  to  this  purpose ;  and  the  limits 
within  which  it  is  true  were  indicated  by  Crookes,^  and  Kundt  and 
Warburg,  who  showed  that  the  statement  fails  for  very  low  pres- 
sures. Warburg  and  Babo^  showed  the  same  for  COj  at  high 
pressures. 

The  second  deduction  was  tested  by  O.  E.  Meyer,®  Stefan,®  E. 
Wiedemann, ^'^  Puluj,**  von  Obermayer,**  S.  W.  Holman,"  and  C. 
Barus,'*  and  decided  variations  from  it  were  found  to  be  true.  In  fact, 
Holman  showed  that  for  air  and  CO^,  the  variation  of  viscosity  was 
not  proportional  to  any  numerical  power  of  the  absolute  tem- 
perature. 

At  this  point  W.  Sutherland^*  showed  that  "  the  whole  discrep- 

385 


386  WILLARD  J,  FISHER,  [Vol.  XXIV. 

ancy  between  theory  and  experiment  disappears  if  account  is  taken 
of  molecular  force,  which  brings  about  collisions  which  would  have 
been  avoided  in  its  absence,"  and  justified  his  conclusions  by  ex- 
amining the  data  of  preceding  experimental  investigations.  His 
theory  led  to  a  relation  of  the  form. 

7  oc— — r 

'^» 

in  which  rj  is  the  viscosity-coefficient,  6  the  absolute  temperature, 
and  C  a  constant,  which  is  the  potential  energy  of  two  molecules  of 
the  gas  at  their  position  of  nearest  approach,  "  in  contact ";  C  has  the 
dimensions  of  temperature;  the  formula  is  given  for  conditions 
such  that  the  temperatures  are  above  the  critical  and  the  pressures 
within  the  range  of  approximate  exactness  of  Boyle's  I^w. 

The  latter  reaches  of  Rayleigh^^  Breitenbach^^,  Schultze^^  Mar- 
kowski*^,  Bestelmeyer^**,  Kleint^\  and  Tanzler^,  have  further  justi- 
fied Sutherland's  theory  for  the  ranges  of  temperature  and  pressure 
for  which  it  was  proposed. 

Taking  tj^,  the  viscosity-coefficient  at  o°C.,  as  a  second  constant, 
all  writers  hitherto  have  thrown  Sutherland's  relation  into  the  form 


'""f-Q 


c 

i^  +  2 

273^ 


^+    I 


and  determined  ;y„  and  C  by  the  method  of  least  squares.  It  can, 
however  be  equally  well  written  with  a  proportionality-constant  in 
the  form 

'^ C' 

The  constant  AT  has  not  hitherto  received  any  notice,  no  one  having 
even  determined  its  numerical  value  for  any  gas  ;  but  both  it  and  C 
have  interesting  properties.  Its  dimensions  are  [J/]  [Z]  [7^]-* 
[tf]  "  * ;  and  if  the  dimensions  of  d  are  the  same  as  those  of  kinetic 
energy,  then  [K]  =  [My. 
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Sutherland's  equation  may  be  thrown  into  the  form 

which  is  linear  in  terms  of  0  and  ^V^,  with  the  slope  equal  to  K, 
and  the  ordinate-intercept  equal  to  —  C,  This  suggests  the  plot- 
ting of  the  fundamental  data,  and  the  determination  of  the  con- 
stants from  the  plots.  For  such  of  the  investigations  as  have 
already  been  reduced  by  least  squares  the  value  of  K  is  perhaps 
better  deduced  from  the  published  values  of  r^^  and  C ;  for  some 
which  have  not,  the  writer  has  used  the  graphical  method,  finding 
by  trial  that  it  gives  a  very  good  agreement  with  the  other.  But 
the  curves  in  themselves  are  interesting,  and  are  shown,  on  small 
scale,  for  elements  in  Fig.  i,  for  compounds  in  Fig.  5.  Table  I. 
gives  the  fundamental  data  for  the  figures,  and  covers  all  the  gases 
which  have  been  studied  through  a  sufficiently  wide  range  above 
their  critical  temperatures.  Table  II.  gives  a  summary  of  certain 
properties  of  these  gases,  arranged  in  the  order  of  their  molecular 

weights. 

Table  I. 


Fun 

DAMENTAL   DaTA  ON 

Gas  Viscosity. 

von  Obermayer^^  note  i. 

Temp.  C. 
(Means.) 

nxo7 
(Means.) 

9 

1 

Carbon  Monoxide,  CO. 

!       17.7 

1703 

290.7 

2.905 

;       53.45 

1857 

326.45 

3.175 

Nitrous  Oxide,  NjO. 

-21.5 

1249 

251.5 

3.192 

14.05 

1421 

287.05 

3.423 

53.55 

1606 

326.55 

3.675 

!      100.3 

1829 

373.3 

3.944 

Ethylene,  C^H^. 

-21.5 

851 

251.5 

4.686 

1       20.6 

989 

293.6 

5.085 

53.5 

1096 

326.5 

5.381 

Carbon  Dioxide,  CO,. 

i     -21.5 

1278 

251.5 

3.120 

:        14.25 

1449 

287.25 

3.354 

1  •  53.5 

1638 

326.5 

3.601 

i      102.3 

1858 

375.3 

3.914 

162.4 

2143 

435.4 

4.239 

222.0 

2385 

495.0 

4.617 

'      240.3 

2458 

513.3 

4.732 
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Hydrogen. 


Ethylene,  C,H^. 


Carbon  Dioxide,  CO,. 


Methyl  Chloride,  CH,C1. 
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P.  Breitenbach^^  note  2. 


-20.6 

15.0 

99.2 

182.4 

302.0 

-21.2 

15.0 

99.3 

182.4 

302.0 

-20.7 

15.0 

99.1 

182.4 

302.0 

-15.3 

15.d 

99.1 

182.4 

302.0 


819 

889 

1059 

1215 

1392 

891 
1006 
1278 
1530 
1826 


252.4 
288.0 
372.2 
455.4 
575.0 

251.8 
288.0 
372.3 
455.4 
575.0 


1294 

252.3 

1457 

288.0 

1861 

372.1 

2221 

455.4 

2682 

575.0 

936 

257.7 

1052 

288.0 

1384 

372.1 

1706 

455.4 

2139 

575.0 
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4.907 
5.498 
6.781 
8.000 
9.907 

4.49 

4.86 

5.625 

6.355 

7.56 

3.100 
3.355 
3.861 
4.380 
5.140 

4.415 

4.64 

5.185 

5.70 

6.455 


H.  Schultzf,^'^  note  j. 


Argon.    Series  I. — 2^  %  Nitrogen. 


Series  II. — J  %  Nitrogen. 


Helium  4- I J  %Ne  (Vol.). 


17.9 

99.8 

183.7 

14.7 

99.7 

183.7 

15.3 

99.6 

184.6 


2241 
2740 
3178 

2208 
2733 
3224 

1969 
2348 
2699 


290.9 
372.8 
456.7 

287.7 
372.7 
456.7 

288.3 
372.6 
457.6 


2.215 
2.645 
3.075 

2.208 
2.638 
3.025 

2.487 
3.062 
3.627 


//.   Markowski^^  note  4. 


Oxygen. 


Hydrogen. 


Nitrogen,  chemically  prepared. 


16.75 
99.74 
185.8 

14.5 
100.5 
184.2 

15.4 
100.08 
182.7 


2023 
2485 
2885 

877 
1046 
1212 

1747 
2123 
2458 


289.75 
372.74  , 
458.8 

287.5 
373.5   ' 
457.2 

288.4   I 

373.08 

455.7 


2.438 
2.8% 
3.406 

5.558 
6.901 
8.066 

2.806 
3.388 
3.956 
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E.    Wiedemann f^  note  ^, 


80 

100« 

184.5« 

Air 

100 

123.1 

141.1 

CO 

96.87 

— 

136 

CO, 

80.48 

104.8 

123.4 

N,0 

80.41 

105.6 

124.1 

C,H, 

56.24 

73.89 

87.38 

Carbon  Dioxide,  Series  II. 
Temp.  C.       18.10 


S.  IV.  Holman,^^  Note  6. 


40.98 


59.14 


79.65 


Temp.  C 
Empirical  Formula  for  the  above 


100.17 


1.0679 

1.1458 

1.2126 

1.2848 

1.3506 

141.89 

158.28 

181.32 

224.0 

17.07 

1.4843 

1.5371 

1.6188 

1.7474 

1.0630 

rjJTi^  =  I  -h  0.003725/  —  fl  '  264  •  10-8  4-/^.417-  IO-". 


A,  Besteimeyer,^^  Note  7. 


Nitrogen,  Chemically  Prepared. 
Temp.  C.    300.4 


V|V^^ 


1.6279 


98.41 
1.2064 


-78.66 
0.7207 


-190.63 
0.3204 


119.30 
1.4148 


Notes  to  Table  I. 

The  values  of  ^3/v  were  computed  with  a  very  good  ten-inch  slide-rule,  which  gives 
sufficiently  accurate  results  for  Fig.  i.  In  case  swhere  least  square  values  were  not 
available,  the  slide-rule  values  were  corrected  with  four-place  logarithms  as  noted  below, 
to  insure  the  accuracy  of  the  large-seal^  plots  from  which  K  was  determined.  The  ob- 
servations given  have  been  selected  from  the  large  mass  available  (of  which  most  is  pre- 
sented in  Landolt  and  Bdrnstein,  1905)  with  reference  mainly  to  the  range  of  temperature ; 
this  necessarily  excludes  the  results  obtained  by  vibrations,  and  most  of  the  data  of  Gra- 
ham >  and  the  other  earlier  observers  who  used  the  transpiration  method.  In  a  few  cases 
where  the  temperature  range  was  small  but  the  results  unique  the  value  of  Cwas  com- 
puted to  see  whether  it  was  possible,  and  if  not,  the  observations  were  not  included. 
Observations  like  those  of  Graham  on  chlorine  and  S,  Koch  *•  on  mercury  vapor,  and 
others  in  which  the  temperature  range  was  not  sufficiently  elevated  above  the  critical 
temi>erature,  have  also  been  rejected  for  this  purpose. 

Note  /,  von  ObermayerU  Data, — ^The  transpiration  apparatus  used  has  been  criticized  on 
account  of  insufficient  accuracy  in  the  calibration  of  the  capillaries,  and  lack  of  certainty 
that  the  gas  had  assumed  the  temperature  of  the  capillaries  before  entering  the  same.  The 
temperatures  were  obtained  by  liquid  and  vapor  baths,  and  measured  by  means  of  mer- 
cury thermometers.  Constancy  of  pressures  was  secured  by  a  special  form  of  apparatus. 
Many  runs  at  different  temperatures  and  with  different  capillaries  were  made ;  the  means 
for  the  table  were  computed  from  these  by  averaging  the  ( nearly  equal )  temperatures  and 
viscosity  values.  These  values  are  not  considered  as  good  as  those  of  Graham,  or  some 
of  the  investigators  of  later  years.  The  data  gjiven  for  CO  are  nearly  unique,  and  are 
here  quoted  for  that  reason,  in  spite  of  the  fact  that  the  range  of  temperature  is  too  small 
to  allow  final  conclusions  on  the  values  of  the  constants.     The  values  of  ^?//;  given  have 
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been  determined  throughout  from  von  Obermayer*s  results  by  logarithms,  and  plotted  on 
cross-section  paper  to  a  scale  of  1/20  inch  to  i°C.  for  ordinates,  1/20  inch  to  i/ioo  unit 
of  Q\\ti  •  10—'  for  abscissas.  In  drawing  the  curves  temperatures  below  the  critical  were 
neglected.    This  leaves  only  two  points  for  NjO  and  C,H^,  but  gives  a  good  series  for  CO,. 

The  points  for  CO,  do  not  lie  very  exactly  on  the  straight  line,  but  vary  on  the  two 
sides  somewhat.  The  two  points  for  the  temperatures  — 21^.5  and  14^.25  lie  above  the 
line,  the  lower  more  than  the  upper,  indicating  below  the  critical  temperature  a  relative 
increase  in  the  viscosity  over  that  expressed  by  the  formula.  From  the  slope  and  intercept 
computed  from  two  widely  separated  points  on  the  line  the  constants  are  found  to  be 
K=  165.8    lo-T,  C  =  271.5. 

Breitenbach's  values  plotted  on  the  same  sheet  give  a  very  accurate  straight  line, 
which  intersects  the  line  for  von  Obermayer's  data  at  1 82^.4  C,  and  has  a  less  slope, 
hence  also  a  less  value  of  C.  The  comparison  of  the  various  determinations  of  the  con- 
stants of  CO,  is  continued  below,  Note  6. 

For  N,0  the  constants  computed  are  K  =  173.8  •  10-',  C  —312. 

ForCjH^,  K=  III. I    IO-^  C:=r  271.6. 

For  CO,  K  =  135. 1  •  io-%  C  =  102. 

The  temperature  ranges  for  these  three  gases  are  hardly  sufficient  to  settle  any  of  the 
values. 

Note  2^  Breitenba'h's  Data,  —  These  important  researches  include,  beside  those  on 
pure  gases  given  in  the  table,  others  on  mixtures  of  H  with  CO,  and  CH^  with  air,  also 
on  the  slipping  of  gases  on  the  walls  of  the  capillary.  The  apparatus  was  after  the 
model  used  by  E.  Wiedemann,  and,  was  evidently,  with  additions  to  increase  symmetry 
and  convenient  use,  the  pattern  followed  by  H.  Schultze,  mentioned  in  the  next  note. 
No  full  descriptions  of  the  methods  of  preparation  of  the  gases  are  g^ven,  but  reference 
is  made  to  the  dissertation  of  which  the  Annalen  article  is  an  abstract.  The  results 
agree  very  well  with  the  Sutherland  formula,  so  far  as  it  is  applicable.  Following  are 
Breitenbach's  Least  Square  values  for  the  constants : 

Hydrogen,  ;7o  =  857  ■  10"^  C=  71.7  ;  from  which  K  =  65.5  •  lO"'. 
Ethylene,  Vq  =  961  ■  10"^,  C  ==  225.9 ;  from  which  K  =  106.2  .  lo'^ 
CH3CI,  jjq  =  989  .  io-',C  =  454 ;  from  which  K  =  159.4    lo-^. 
CO.^,  r^Q  =  1388  •  10-7,  C  =  239.7 ;  from  which  K  =  157.8  .  lO"". 

The  results  on  CHjCl  are  especially  interesting,  as  they  include  a  temperature  within 
ten  degrees  of  the  boiling-point  of  the  substance,  and  cover  the  large  range  of  317°. 

Note  J,  //.  Schuitte^s  Data.  — The  apparatus  used  was  of  the  form  probably  best 
adapted  to  absolute  determinations  of  viscosity,  being  symmetrical  about  a  single  capil- 
lary, mercury  being  used  to  force  the  gas  through  in  either  direction ;  the  pressures  were 
adjusted  by  screws  raising  or  lowering  the  mercury  reservoirs,  and  read  by  compound 
mercury-water  manometers ;  temperatures  were  kept  constant  by  vapor-baths  of  steam  or 
aniline  ;  volumes  were  determined  by  calibration  of  the  two  gas-pipettes,  and  the  time  of 
flow  was  determined  by  the  rising  mercury  automatically  ringing  an  electric  bell.  The 
capillary  was  calibrated  by  a  method,  apparently  original,  which  takes  account  of  irregular- 
ities in  the  tube,  and  allows  of  but  few  improvements.  The  ratio  of  length  to  diameter 
of  tube  was  3469  6,  which  is  above  the  minimum,  3000,  set  by  O.  E.  Meyer  for  such 
work.  In  computing,  account  was  taken  of  the  different  temperatures  of  the  air  in  the 
different  parts  of  the  apparatus,  and  also  of  the  coefficient  of  slip. 

The  second  series  for  argon  is  no  doubt  the  better,  on  account  of  the  greater 
purity;  from  it  the  constants  deduced  are  ^q:=2I04.  lO"^f  C=r  169.9;  from  which 
K ^ 206.5  .  10-';  C/K  =  8.23  .  106. 
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The  helium  used  was  made  from  monazite  sand,  and  carefully  purified  from  CO,,  li, 
N  and  hydrocarbons ;  the  inert  Nc  remaining  could  not  be  removed  for  lack  of  liquid 
H.  The  results  are  to  be  accepted  with  some  reservations,  which  are  pointed  out  by  the 
investigator  himself;  chief  among  these  are  the  mixture  with  Ne,  which  may  have  upon 
He  the  same  effect  that  heavier  gases  have  upon  H,  small  per  cents,  increasing  the  vis- 
cosity abnormally.  The  Ne  certainly  produced  some  effect  of  importance,  as  the  obser- 
vations made  after  the  apparatus  had  stood  for  some  time  gave  higher  results  than  those 
in  which  one  run  followed  immediately  upon  another.  Schultze  has  observed  the  same 
with  mixtures  of  N  and  H. 

His  constants  for  this  impure  helium  are,  ^7^^=  1891.10"-^,  €  =  80.3;  from  which 
Kr=  148.2.  10-'. 

Rayleigh's  values  of  C,  150.2  for  argon  and  72.2  for  helium,  differ  considerably  from 
the  above.  He  had  the  advantage  of  purer  gases,  but  his  apparatus  may  be  criticized,  as 
by  Schultze  in  his  article  on  helium. 

It  should  be  noted  that  the  portion  of  the  work  of  P.  Tftnzler  ««  which  deals  with  pure 
heThim  leads  him  to  results  in  exact  agreement  with  these  of  Schultze,  namely,  C  =  S0.3, 
ff^  •  10^  =  1 891.     On  pp.  224-5  ^c  says  :  **  The  density  determined  gave 

for  argon  19.946  referred  to  O  =  16, 
for  helium  2.066  referred  to  O  =-  16. 

As  spectrometric  investigations  in  our  Institute  have  shown  that  helium  usually  contains 
argon  as  an  impurity  (even  0.573  per  cent,  by  volume),  I  have  consequently  in  the  cal- 
culation of  the  percentage  content  of  mixtures  of  helium  and  argon  assumed  the  density 
of  pure  helium  to  be  1.98.'*  Hence  it  may  be  doubted  that  the  uncertainty  regarding 
the  values  for  helium  is  entirely  removed,  as  the  gas  which  he  calls  **  He  100  %  "  in  his 
table  may  have  contained  sufficient  impurity  to  give  the  same  results  as  the  mixture  used 
by  Schultze. 

Note  4^  AlarkowskVs  Data,  —  The  apparatus  was  that  constructed  by  H.  Schultze, 
and  so  the  results  are  in  absolute  measure.  The  gases  were  prepared  with  great  care, 
but  it  would  seem  with  more  successful  results  in  the  cases  of  oxygen  and  nitrogen  than 
in  that  of  hydrogen.  On  the  agreement  of  the  oxygen  series  with  that  of  von  Ober- 
mayer,  the  latter  is  not  probably  the  better.  Rayleigh's  value  of  C  for  oxygen,  128.2, 
was  found  by  experiments  with  apparatus  which  is  not  above  criticism  both  on  theoretical 
and  on  practical  grounds  (see  H.  Schultze, '^  second  article). 

From  his  experiments  Markowski  deduces  for  oxygen  the  values  7^=1926.10—^, 
C  =  138.     From  these  the  writer  computes  K  =  175.5  •  lo-^  C/K  =  7.865  •  io«. 

While  the  hydrogen  used  was  electrolytically  prepared,  the  results  obtained  do  not 
agree  with  Sutherland's  formula,  as  is  shown  graphically  by  the  curve  of  Fig.  I,  where 
the  points  are  the  vertices  of  a  triangle  and  not  in  a  straight  line.  The  writer  would 
conclude  that  the  results  of  Breitenbach  are  to  be  preferred  to  these. 

Markowski  gives  as  the  constants  for  hydrogen,  Vo  =  841  •  lo-^,  C  =  83.0,  which 
yield  K  —  66.4  •  lo-^ 

On  the  remarkable  agreement  of  the  results  for  nitrogen  with  those  of  A.  Bestelmeyer, 
see  note  7.  The  least  square  constants  are  i/q=  1674  •  lo— ^  €^113;  from  which 
K  =  143.3  •  iO"%  C/K  =  7.89    106. 

Note  ^^  E,  Wiedemann' s  Data.  — The  transpiration  apparatus  used  was  apparently 
adapted  to  give  relative  results  only ;  one  of  the  two  tables  of  data  (both  of  which  are 
derived  from  the  same  observations)  is  presented  here.  From  it  are  computed  the  fol- 
lowing values  for  C,  due  weight  being  allowed  in  the  computation  to  the  longer  tem- 
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perature  intervals,  and  temperatures  below  the  critical  not  being  used  :.  CO,  87.0 ;  C^H^, 
242  ;  N,0,  219.5  ;  ^^s*  '77-  These  differ  materially  from  the  results  obtainable  from 
other  investigations,  as  seen  in  Table  II. 

Note  6f  S,  W.  Holman^s  Data.  — This  observer's  results  on  air  and  CO,  are  derived 
from  one  of  the  longest  and  most  careful  investigations  in  the  history  of  the  subject,  and 
may  be  considered  standard.  The  transpiration  apparatus  with  tandem  capillaries  was 
of  the  best  form  for  the  derivation  of  relative  results,  the  pressure  regulator  of  very  in- 
genious design  and  great  efficiency,  the  mercury  thermometers  carefully  calibrated,  and 
all  the  work  of  observation,  computation  and  criticism  carried  through  with  a  finish 
worthy  of  its  author.  He  conclusively  proved  that  constant  powers  of  the  absolute- 
temperature  could  not  be  used  to  express  his  results  commensurately  with  their  precision  ; 
and  it  was  especially  on  the  above  quoted  series  for  CO,  that  Sutherland  based  his  first 
value  of  C.  The  method  of  computation  then  used  does  not  appear  to  the  present  writer 
to  be  as  good  as  the  following. 

Assuming  Holman's  empirical  formula,  and  substituting  in  it  100®  C,  we  obtain  for 
the  ratio  Vioo/^o  ^^  value  1.3503.  Equating  this  to  Sutherland's  form  for  the  same 
ratio,  and  solving  for  C,  we  have  C  =  274.2,  as  against  Sutherland's  value  derived  from 
the  same  data,  277.  It  is  unfortunate  that  the  series  is  insufficient  for  the  determination 
of  K. 

Of  the  various  determinations  of  the  constants  of  CO,,  it  is  safe  to  discard  at  once 
that  of  E.  Wiedemann,  unless  the  original  observations  are  to  be  recomputed.  C 
from  Holman's  data,  274,  agrees  very  well  with  271.5  derived  from  von  Obermayer's; 
but  the  plot  of  the  latter  shows  a  greater  deviation  series  than'  that  of  Breitenbach,  so 
that  on  the  whole  the  Sutherland  formula  represents  the  latter  better.  Quite  possibly 
the  real  values  for  CO,,  both  of  K  and  C,  are  to  be  regarded  as  still  somewhat  in  doubt, 
and  subject  to  further  experimental  investigation. 

Note  7,  Bestelmeyer^ s  Data.  —  The  transpiration  apparatus  used  was  designed  after 
that  of  Holman,  with  tandem  capillaries,  thus  rendering  unnecessary  the  calibration  of  the 
tubes.  Holman  determined  experimentally  the  ratio  of  the  tube- constants  ;  Bestelmeyer 
also  calibrated  his  tubes  by  the  method  of  H.  Schultze,  both  before  and  after  the  experi- 
ments on  viscosity.  The  pressure-regulating  apparatus  seems  to  have  worked  very  well, 
and  the  temperatures  were  very  accurately  determined  over  the  great  range  of  491°  from 
that  of  boiling  diphenylamine  to  that  of  liquid  air, —  below  the  critical  temperature  of 
nitrogen.  This  is  the  largest  range  of  temperature  ever  used  in  viscosity  work,  and  by  its 
means  a  relative  increase  of  viscosity  below  the  critical  temperature  is  discovered  in  the 
case  of  nitrogen  as  in  other  gases  and  vapors  below  their  critical  temperatures. 

The  table  quoted  is  one  of  mean  values,  giving  averages  of  the  experimental  data  and 
comparing  with  them  the  values  computed  by  least  squares.  From  four  sets  of  runs 
Bestelmeyer  derives  for  C  the  values  110.6,  110.3,  114.4  and  103.6,  the  first  three  of 
which  agree  well  among  themselves  and  with  Markowski's  value,  113,  obtained  from 
absolute  measurements  with  a  very  different  apparatus.  If  we  compute  from  Markowski's 
least  square  data  the  value  oiri  at  15°  C,  and  with  this  and  Bestelmeyer's  experimental 
values  of  7/^15  compute  absolute  values  of  J7,  the  plotting  to  very  large  scale  of  these  and 
Markowski's  absolute  values  gives  a  remarkable  coincidence,  the  two  series  forming  one 
curve.  Hence  it  may  be  concluded  that  the  viscosity  coefficient  of  nitrogen  is  now 
known  more  accurately  and  over  a  larger  range  of  temperature  than  that  of  any  other 
gas,  and  that  further  investigation  of  it  will  be  unnecessary  for  a  long  time  to  come. 
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Table  II. 

Constants  of  Gases  whose  Viscosity  has  been  Studied  through  a  Wide  Range  of  Temperature. 


Formala. 

H, 

A 

He          A 

N, 

A 

0,            A 

Ar 

A 

Density,  Air  =  1,  760  mm.  (Z) 

0.0693 

Rt 

0.1368|R&T 

0.967 

Ldc 

1.105|I^c 

1.379  R&T 

Molecular  weight,  ^^16.  (L) 

2.016 

4 

28.08 

32 

39.9 

Boiling  point,  760  mm.        (L) 

-253 

t;    -267 

T 

-  195.7 

F&A 

-  182.8 

T 

-186.1 

R&T 

Critical  temperature.             (Z) 

-234.5 

0 

<-264 

D 

-  146 

W 

-  118.0 

W  -117.4 

R&T 

-243  to 

-  146.5 

W 

-  118.8 

0 

-241 

D 

-  146 

0 

fi '  10^  0°C. 

861 

v.O 

1891 

Sch 

1659 

V.O 

1873 

v.O  2104 

Sch 

(Quoted  from  Authors.) 

857 

B 

1674 

M 

1926 

M 

841 

m; 

Viscosity  constants.         K  •  10^ 

65.5 
66.4 

B  1  148.2 
M 

Sch 

143.3 

m 

175.5 

M 

206.5 

Sch 

C  (Quoted  from  Authors). 

79 

S 

72.2 

R 

113 

M 

127 

S 

169.9 

Sch 

71.7* 

B 

80.3 

Sch 

110.6 

Br 

138 

M 

150.2 

R 

72.2 

^i 

110.3 

K 

128.2 

R 

83.0 

m| 

1 

114.4 
103.6 

Mean  C. 

76.5 

—  1 

110.4 

131.1    1 

Extreme  temperature  range 

-20.6  to 

15.3to 

-190.6  to 

15.4  to 

14.7  to 

for  57. 

302 

184.6 

'300.4 

185.8    1 

183.7 

Sch 

Formala. 


CO 


C,H, 


CO, 


Density,  Airi^  1,760  mm.  (Z)         0.967  Ldc'        0.985    Ss  I      1.5291  R 
Molecular  weight,  (?  =  16.  (Z) I      28  |      28.03  I    44.0 

Boiling  point,  760  mm.        (Z) -190  O    -153  (6)1-78.2        Rt 


Critical  temperature. 


(Z) -141.1       W| 


V  •  10\  0^  C. 
( Quoted  from  Authors. ) 

Viscosity  constants.         K  •  10^. 

C  (Quoted  from  Authors). 


Extreme  temperature  range 
for  7. 


-139.5 


1625 


O 


v.O 


135.1     v.O 


I 


102 
87 


17.5  to 
53.5 


v.O  I 
Wn 


v.O 


9.2 
to 
13.0 
922 
961 
966 
106.2 
111.15 
272 
225.9 
242 


v.O 
B 


30.92 

to 
31.9 
1387 


1388 

G    I 

B    i  157.8 

v.O    165.8 
S     274 
B     239.7 

Wn    177 
271.5 


v.O 
B 


N,0      i     A 

1.527  Thd 
44.08  I 
-87.9    !  Rt 
35.4        D 


36.4 
38.8 
1353 


I 

H 
B 

Wn 

v.O 


21.2  tol 
302        I   B 


20.7  to 
302 


173.8 

219.5 
312 


-21.5 
to  100.3 


*  Selected   from  many,  too  numerous    to  quote. 


Jn 
Vd 
v.O 


v.O 

Wn 
v.O 


159.4 


454 


CH,C1 

1.731!    D 
50.47 
-23.7      (B) 
141.5     V&C 


989 


-15.3  to 
v.Ol    302 


B 
B 
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Table  II.  —  Authorities. 

B,  Breitcnbach.  Q,  Olszewski. 

(B),  Biederminn's  Chemiker    Kalendar,  R  &  T,  Ramsay  and  Travers. 

1906-  Rt,  Rcgnault. 

Br,  Bestelmeyer.  s,  Sutherland. 

D,  Dewar.  Sch,  Schultze. 

F'&  A,  Fischer  and  Alt.  Ss,  Saussure. 

G,  Graham.  T,  Travers. 

H,  Holman.  Thd,  Thenard. 

Jn,  Janssen.  V  &  C,  Vincent  and  Chappuis. 

Kn,  Knietsch.  Vd,  Villard. 

L,  Lussana.  v.O,  von  Obermaycr. 

(L),  Landolt  und  BSmslein,  1905.  W,  Wroblewski. 

Ldc,  Leduc.  \Vn,  E.  Wiedemann. 
M,  Markowski. 

Values  of  K  computed  by  present  writer,  from  data  of  authors  indicated. 

In  plotting  Figs,  i  and  5  the  lines  were  first  drawn  from  the 
values  of  A' and  C  given  in  Table  II.,  then  the  points  representing 
observations  were  marked ;  so  that  the  lines  represent  least  square 
computations  in  almost  all  cases,  von  Obermayer's  results  alone 
having  been  reduced  graphically.  In  Figs.  2,  3  and  4,  the  points 
were  marked  first  from  the  same  data  and  standard  values  of  molec- 
ular weights,  and  the  lines  then  drawn  among  the  points  in  the 
positions  deemed  to  be  most  suitable. 

With  regard  to  the  relative  value  of  least  square  as  compared 
with  large  scale  graphical  reductions,  it  is  no  doubt  true  that  the 
ordinary  methods  of  least  square  work  assume  that  one  of  the  co- 
ordinates is  measured  without  error,  or  else  that  the  measurements 
of  both  coordinates  are  of  equal  weights.  It  is  hardly  to  be  sup- 
posed that  either  of  these  conditions  is  common  ;  in  the  study  of  gas 
viscosity,  for  example,  the  number  of  sources  of  error  affecting  the 
temperature  values  is  not  nearly  as  large  as  that  affecting  the  viscosity 
coefficient,  and  it  is  not  to  be  supposed  that  values  of  d  and  jy  are  by 
any  means  of  equal  weight ;  while  it  is  certain  that  d  can  not  be 
properly  assumed  without  error.  Unless  some  account  is  taken  of 
these  principles,  the  extra  labor  involved  in  a  least  square  reduction 
is  mostly  thrown  away  ;  if  authors  use  least  squares,  they  should  at 
least  state  what  relative  weights  they  assign  their  coordinates. 

From  the  tables  and  these  curves  certain  deductions  may  be 
drawn,  though  no  final  conclusions ;  and  indications  for  profitable 
research  work. 


No.  5.]    TEMPERATURE   COEFFICIENTS   OF  GAS    VISCOSITY.        395 


Authorities : 
BrtilenliMchf         Hj 
Majrkowski,  H^,  X,  O 

Schultze,  He,  Ar 


Ht^aftl^^l^tt:^^:^^:^..^:^^^!^ 


Fig.  1. 

Fig.  I  shows  that  for  the  elements  the  curves  have  a  general  con- 
verging tendency,  not  toward  the  origin  but  a  point  in  its  neighbor- 
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hood,  and  that  both  the  slope  and  the  j/-intercept  increase  with 
increasing  molecular  weight.  The  presence  of  a  positive,  not  a 
zero,  ;ir-intercept,  shows  that  the  ratio '^'/?  approaches  a  definite 
limit  as  Q  approaches  zero,  or  would  do  so  if  the  law  did  not  change 
at  or  about  the  critical  temperature.  The  convergency  of  the  lines 
is  best  shown  by  N,  O  and  Ar,  which  come  together  almost  on  the 


IpfFl^fiS^ 


3^B 


-^m, 


■■rr"""i"""""""'rT"T-T"r";:;:|^T"r"" 


y-^^         ■,^:^ 


loc; 


\'m 


soSiLiikiJi^ 


Relation  of 
Sutherland's  C"  and  Molecular  Weight  M. 

Equation  :     C  =  0.058.1/^  -j-  74, 


I :  ■;  H :  JTi  :it^;:4tJ^Tifeuku:t;:;d;j4jlti?-ii;5ltt7tffl 


M* 


5« 


l«0« 


Fig.  2. 

Authorities  : 
H.     (i)  Breitenbach,  (2)  Rayleigh,  (3)  Sutherland,  (4)  Markowski. 
He.   (i)  Rayleigh,  (2)  Schultze. 
N.     (i)  Bestelmeyer,  (2)  Markowski. 
O.      (I)  Sutherland,  (2)  Rayleigh,  (3)  Markowski. 
Ar.     (i)  Rayleigh,  (2)  Schultze. 

;r-axis,  with  a  common  abscissa  nearly  equal  to  8-  lO*.  While  H 
and  He  show  the  same  convergent  tendency,  the  discrepancy  of  the 
lines  representing  different  investigations  on  H,  and  the  differences 
of  the  numerical  values  in  the  tables,  tend  to  show  that  its  constants 
are  not  as  yet  well  known  ;  and  further  investigation  might  pos- 
sibly show  that  the  absolutely  pure  gas  would  give  a  plot  crossing 
the  axis  nearer  the  point  for  N,  O  and  Ar.     No  certain  conclusion 
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can  be  drawn  from  the  data  or  curve  for  He,  as  it  was  the  result  of 
work  with  impure  gas  ;  though  it  would  not  be  surprising  if  He,  in 
this  respect  as  in  others,  should  prove  to  be  different  from  other 
elements.  Judging  from  its  molecular  weight  alone  it  would  be 
expected  to  give  a  plot  much  nearer  to  the  H-line  than  to  the  N- 
line,  and  lying  between  them. 

Fig.  2  shows  the  relation  between  C  andM^  in  which  M  is  the 
molecular  weight  of  chemistry.  It  is  seen  to  be  roughly  a  straight 
line,  with  equation  C  =  0.058  M^  +  74.  The  line  has  been  drawn 
low  among  the  points  in  order  to  give  weight  to  the  smaller  values, 
which  are  perhaps  the  better.  The  coordinate  M*  was  suggested  by 
Sutherland's  expression  for  C ; 


c-i'-'/ii) 


This  formula  would  not  lead  one  to  expect  an  intercept.  If,  how- 
ever, Sutherland's  value  be  equated  to  the  empirical  relation  just 
given,  we  have 


/(.D-zH-^'^i^-) 


in  which  h  is  the  mass  in  grams  of  a  hydrogen  atom,  r/2  the  con- 
version factor  for  kinetic  energy  and  temperature,  a  the  radius  of 
a  molecule  and  /  the  symbol  for  the  law  of  potential  energy  due 
to  the  attracting  forces. 

Fig-  3»  the  relation  between  the  coefficient  K  and  the  molecular 
weight,  also  shows  a  deviation  from  Sutherland's  theory.  Accord- 
ing to  that  K  should  have  the  value 

.064^^;//'^ 
"    (2af 

while  from  the  curve  we  obtain  K.  10^  =  o.SpjM*  +  66.  Argon 
deviates  about  4  per  cent,  from  the  line,  and  helium  evidently  does 
not  form  part  of  the  series. 
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Fig.  4  is  presented  to  show  graphically  the  ratio  between  K  and 
C,  which  is,  as  already  shown,  nearly  constant  for  N,  O  and  Ar. 

The  researches  which  may  be  supposed  to  be  of  promise  as  to 
the  laws  of  viscosity  of  the  elements  would  all  be  difficult ;  but  if 
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the  uncertainty  relating  to  hydrogen  and  heh'um  were  cleared  up, 
and  information  were  secured  as  to  the  constants  of  neon,  M  =  20, 
chlorine,  M  =  71,  and  mercury  vapor,  M  =  200,  over  large  ranges 
of  temperature,  advances  might  result  in  our  knowledge  of  the 
internal  structure  of  elementary  molecules. 

Fig.  5,  showing  the  curves  for  compounds,  displays  no  such 
regularity  as  Fig.  i .  The  marked  tendency  for  convergence  shown 
by  the  curves  for  the  elements  is  lacking,  though  there  is  a  roughly 
outlined  tendency  for  both  K  and  C  to  increase  {a)  with  increasing 


K'le' 


Fig.  4. 


molecular  weight,  {b)  with  increasing  molecular  complexity  and 
asymmetry.  The  comparative  system  of  the  curves  for  the  elements 
may  be  due  to  the  fact  that  their  molecules  are  both  more  simple 
and  more  symmetrical  than  those  of  compounds.  Since  in  the  list 
of  compounds  presented  no  two  can  be  said  to  be  of  either  equal 
complexity  or  like  symmetry,  it  is  clear  that  among  them  we  can 
expect  to  find  no  law  indicated. 

It  is  along  these  lines,  then,  that  further  research  on  the  viscosity 
of  gases  should  direct  itself.     Apparatus  should  be  used  which  is 
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capable  of  giving  results  in  absolute  measure,  so  that  both  of  the 
constants  which  determine  the  temperature  change  may  be  found 
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for  the  gases  studied;  and  the  gases  selected  should  be  (i)  series 
of  equal  molecular  weights  but  varying  complexity  of  molecular 
structure  ;  (2)  series  of  equal  molecular  weights  but  varying  sym- 
metry of  molecular  structure ;  (3)  series  of  different  molecular 
weights  but  like  structure. 

In  later  papers  the  writer  hopes  to  present  discussions  of  Rein- 
ganum's  equation,  as  applied  to  published  data ;  on  capillary  cali- 
bration and  certain  other  points  in  the  construction  of  viscosity 
apparatus  ;  and  on  the  viscosity  of  certain  gases  which  have  theo- 
retical interest  but  to  which  as  yet  little  attention  has  been  paid. 
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A    METHOD   FOR  THE    DETERMINATION    OF    ELEC- 
TROLYTIC RESISTANCE  AND  CAPACITY,  USING 
ALTERNATING  CURRENTS. 

By  A.  H.  Taylor. 

IF,  according  to  Varley,^  the  polarization  capacity  is  constant  for 
small  E.M.F.,  it  may  be  offset  by  an  inductance  in  series  with 
the  electrolyte,  as  has  been  done  by  Wien.*  Or  the  resistance  and 
capacity  of  the  electrolyte  may  be  balanced  by  a  similar  combination 
of  resistance  and  capacity  in  the  symmetrical  arm  of  a  bridge,  as 
accomplished  by  Gordon,*  or  perhaps  in  a  better  way,  by  Scott.* 

For  great  accuracy  the  methods  of  Gordon  and  of  Scott  require 
a  wide  range  in  the  compensating  capacity,  and  in  the  method  of 
Scott  it  is  advisable  to  have  a  smoothly  variable  capacity.  Hence 
it  would  seem  that  Wien's  method,  where  the  capacity  of  the  elec- 
trolyte is  determined  in  terms  of  a  smoothly  variable  inductance,  is 
preferable. 

The  objection  to  Wien's  method  is  that  it  is  not  independent  of 
frequency,  even  if  the  electrolytic  capacity  be  independent  of  fre- 
quency, and  the  object  of  the  present  paper  is  to  propose  a  method 
of  attacking  this  problem  which  will  allow  the  use  of  a  commercial 
alternating  current,  i.  ^.,  a  current  of  many  overtones,  hence  of 
several  frequencies. 

In  regard  to  its  behavior  toward  alternating  currents,  an  electro- 
lyte which  has  polarizing  electrodes  may  be  regarded  as  a  resistance 
in  series  with  a  capacity,  a  second  resistance  shunting  both  the 
resistance  and  the  capacity  in  some  cases. 

It  is  possible  to  balance  this  combination  in  a  bridge  by  inserting 
a  shunted  inductance  in  the  same  arm  with  the  shunted  electrolyte. 

*Varley,  Proc.  Roy.  Soc.,  1871. 
*Wien,  Annalen  dcr  Phys.,  1896. 
'GordoD,  Annalen  der  Phys.,  1897. 
*  Scott,  Annalen  der  Phys.,  1899. 
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The  figure  gives  the  arrangement  of  the  circuit,  which  consists  of 
a  bridge  whose  two  proportional  arms  a  and  b  are  identical,  and 
whose  fourth  arm  consists  of  a  variable  non-inductive  resistance  /?. 


Fig.  1. 

The  third  arm  consists  of  a  capacity  C  in  series  with  a  resistance 
r^  and  an  inductance  L  of  resistance  r^.  As  in  the  similar  circuit 
devised  by  Trowbridge  *  for  the  differential  transformer,  the  capacity 
and  inductance  must  each  be  shunted  in  order  to  obtain  a  perfect 
telephonic  balance,  independent  of  the  frequency. 

The  resistance  r^  shunts  the  inductance,  while  the  resistance  r, 
shunts  the  capacity  +  r^ 

Let  c  =  the  capacitance,  i/wC,  and  jr=  the  inductive  reactance, 
a)L.  The  impedance  of  the  third  arm  may  be  divided  into  two 
parts,  Zj  and  Zj,  where 

'  =_l_^  '.     '  =  !  +  _•. 

2,      r. 


^i 


-jx 


^i  +  r^-jx 


^1       ^i  +J^      ^i 

y  _   ^x^Tt  +J0    . 
r^  +  r^  -\-Jc 

The  bridge  will  be  balanced  when 

Z,  +  Z,  =  R. 

Substituting  for  Z,  and  Z^,  and  multiplying  by  the  conjugate  com- 
plexes of  the  denominators, 

Separating  into  reals  and  imaginaries,  and  putting  the  imaginary 
parts  equal  to  zero,  since  R  has  no  imaginary  component,  we  have 


(0 

and 


^=-J-; 


r\  +  r^r^  +  r,<^      rl>\±r/*  +  V' 


-  + 


*  Trowbridge,  PHYS.  Rev.,   1905. 
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r,V  r^x 


^^f  (r.  +  r^'+c'-ir.  +  r.f  +  x' 

Let  r,  +  r,  =  a,  and  r^  +  r^  =  b.     Then  eq.  (2)  becomes 

or 

(^  +  ;r*)r,«  =  — »-  +  cxr^. 


Lr^ 


Since  ;tr  =  u>L,  and  r  =  \  joC,  we  have 

This  can  be  put  in  the  form 

/,^  r-  Lr^±^\c^rlLC-Dr^) 

If  the  balance  is  to  be  independent  of  the  frequency,  the  term  in 
o)^  must  disappear ;  that  is,  d^r^LC^Dr^,  or 


(4) 

c-  ^-^ 

If  the  term  in 

o)*  does  disappear  in  (3), 

it  becomes 

(3)' 

Combining 

this 

result  with 

(4)  we  have, 

Li 

\'      Lr? 

r^      a 

_  ''•J:  ^» 

b\^  ~  a'rf' 

or     -  'j  =  ,  = 

~>s  +  ^ 

Equation 

(3)' 

thus  may 

be  thrown  into  the  form 

-1 

Eq.  (B). 


Eq.  (A). 

a  form  which  is  very  easy  to  use  in  calculation. 

Going  back  to  equation  (i)  we  may  put  it  in  the  form 

Solving  for  c^, 

.3  _  (^_+_£!)_  ('','-3^  Rf)  +  a\r^,b  +  r^) 
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Solving  equation  (2)  for  <?•  we  have, 

(6)  ^Jt±^i^L^rl^. 

Eliminating  <^  from  (5)  and  (6)  we  have, 

{b^  +  xy^c-a*r*x  _  (<y  +  ■»:»)(r,r,a  -  Re?)  +  ^^{r^rj)  +  r^) 

Solving  the  equation  for  c, 

^  -  (^  ■+  xy^  V{R-  r,)(^  +  x^)  -  (v/  +  ryf*)"  J  "^  (^  +  xy^ 

_rjx  [r^r^a  -  Re?)  =  0^(7?  -  r,)] 

-  >7  [(/e  -  r.)(3*  +  x^)-  (r^p  +  r,^')] 

r*x  {r^a  —  c?) 


Since  c  =  i/o'C,  and  a  =  r^  +  r^, 

jr(/i:  —  r,  —  r,)  + 


Finally, 

JU^R  _  r,  -  r,)  + ^,^ 

If  the  balance  is  to  be  independent  of  the  frequency,  1^{R  —  r^ 
=  r/^b.  Since  ^  cannot  equal  zero,  the  only  other  relationship  that 
will  satisfy  this  condition  is 

b{R^r^^r,r,     or     7?  =  r,  + -^'J^^-    Eq.  (6> 
Now  equation  {c)  is    simply  the    condition    for  steady  current 
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(2) 


r^x 


{r,  +  r^'+^-(r,  +  r,f+x 


Let  r^  +  r^=  a,  and  r,  +  r^  =  b.     Then  eq.  (2)  becomes 

(^  +  xy^c  =  t^r^x  +  c'r^x, 
or 

Since  ^r  =  «*£,  and  c  =  1  /«»C,  we  have 

This  can  be  put  in  the  form 

(3)  c ^^, 

9 

If  the  balance  is  to  be  independent  of  the  frequency,  the  term  in 
m'^  must  disappear;  that  is,  a^r^LC^Dr^,  or 

Zr2 


(4) 

C--> 

If  the  term  in 

0)^  does  disappear  in  (3), 

it  becomes 

(3)' 

Combining  this 

result  with 

(4)  we  have, 

U 

-'      Lr} 

r^      a 

_  ^i  +  ''j 

b\^  "  a\^'' 

or      -  2  =  ,  = 
^3'      ^ 

°>s  +  ^ 

Equation  (3)' 

thus  may 

be  thrown  into  the  form 

^-^ 

Eq.  (B). 


Eq.  (A). 

a  form  which  is  very  easy  to  use  in  calculation. 

Going  back  to  equation  (i)  we  may  put  it  in  the  form 

R  (^2  +  ^)  (^  +  x")  ^(b^  +  x^  (r^r^a  +  r,^)  ^  {r^J?  +  r^')  ^  +  ^ 
Solving  for  c^. 


No.  5.] 

ELECTROL  YTIC  CAPAC1T\ . 

Solving  equation  (2' 

)  for  (?  we  have, 
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Eliminating  (^  from  (5)  and  (6)  we  have, 

{l>'  +  xy^c-a?r*x  _  (^J-  x^r^a  -  Re?)  +  (J?{r^rJ>  +  r^) 
r*x  -      (/?_r,)(^  +  ;r^_(r,r/  +  r^*)      ' 

Solving  the  equation  for  r, 

^  -  (^  +  x'y,'  \.{R-  r,)(^  +  x')  -  {r,rj>  +  r^^)  j  ^  {6^  +  i>,« 
-  {S^+  xy^  L  (ie  -  r,)(^  +  4:^)  -  (r,r/  +  r^')        J 

Since  ^  =  i/o/dT,  and  ^  =  r^  +  r^, 

-^'sVi  +  '-j) 
^(^  —  ^  —  ^s)  H r 


Finally, 

If  the  balance  is  to  be  independent  of  the  frequency,  1^{R  —  r,) 
=  r^^b.  Since  b  cannot  equal  zero,  the  only  other  relationship  that 
will  satisfy  this  condition  is 

b{R-r,)^r,r,     or     R^r,  +  :^^'-    Eq.  (Q. 
Now  equation  (c)  is    simply  the    condition    for  steady  current 


•      '■s  +  ^ 

''i*      fi  +  ft 
r^     '•3  +  ^ 

"-  -  «iJ      (r,  +  ; 
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balances,  and  might  have  been  anticipated,  since  a  balance  independ- 
ent of  io  must  hold  for  w  =  o. . 

To  summarize,  the  perfect  balance  condition  means  that 

(O 

(^) 

If  C  is  an  ordinary  condenser,  and  L  a  variable  inductance,  it  is 
easy  to  obtain  a  perfect  telephonic  balance,  such  that  these  three 
equations  are  satisfied.  In  the  case  of  the  electrolyte,  substituted 
for  C  +  r^,  perfect  balance  is  attained  only  for  low  current  densities. 

Equation  (C)  allows  us  to  calculate  r^  If  the  calculated  value  is 
smaller  than  r^  as  observed,  it  will  indicate  a  leaky  condenser 
action. 

Equation  {E)  allows  us  to  calculate  r^,  the  effective  electrolytic 
resistance. 

Equation  i^A)  is  used  for  computing  the  capacity.  The  equation 
(3)*,  for  capacity,  is  identical  with  Trowbridge's  *  equation  (12) 
although  this  circuit  contains  the  resistance  r^  which  is  not  present 
in  his  circuit.  The  explanation  is  that  his  equation  (12)  is  an  ap- 
proximation which  is  exceedingly  close  if  R  —  ^3  is  small  compared 
to  Yy  It  is,  however,  impossible  to  realize  this  experimentally  if 
very  large  capacities  are  to  be  compared  with  inductances  which  are 
under  say,  40  millihenrys. 

The  order  of  "precision  is  necessarily  practically  the  same  as  for 
his  method,  when  used  for  similar  purposes. 

The  advantage  is  that  capacities  as  large  as  100  microfarads  may 
be  compared  with  relatively  small  inductances.  It  is  applicable  to 
the  case  of  electrolytic  capacity  and  resistance,  and  might  possibly 
be  used  to  advantage  for  the  determination  of  condensers  which  have 
large  absorption,  since  this  is  equivalent  to  r^,  the  resistance  in  series 
with  the  condenser. 

University  of  Wisconsin, 
November  29,  1906. 

'  Trowbridge,  loc.  cit. 
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FLUORESCENCE  ABSORPTION  IN  RESORUFIN.* 
By  Frances  G.  Wick. 

THE  relation  between  absorption  of  light  by  a  fluorescent  sub- 
stance and  emission  during  fluorescence  is  diflicult  to  under- 
stand. Waves  of  one  length  are  absorbed  while  those  of  another 
length  are  emitted,  in  apparent  contradiction  to  Kirchhoff's  law.  At 
least  a  step  toward  an  explanation  of  this  difficulty  has  been  made 
in  the  experiments  of  Burke*  and  in  the  more  recent  work  of  Nichols 
and  Merritt,^  who  found  that  a  change  takes  place  in  the  ^ibsorbing 
power  during  fluorescence.  Previous  observations  of  absorption 
had  been  made  when  the  body  was  not  under  excitation.  The  work 
of  Burke  upon  uranium  glass,  and  that  of  Nichols  and  Merritt  upon 
fluorescein  in  water,  eosin  in  alcohol,  and  resazurin  in  alcohol, 
showed  that  during  fluorescence  a  substance  acquires  the  tem- 
porary power  of  absorbing  the  same  wave-lengths  which  it  emits. 
M.  Camichel,*  who  has  since  made  measurements  of  a  similar  kind, 
failed  to  find  any  change  in  absorbing  power  during  fluorescence, 
throwing  doubt  upon  the  existence  of  the  phenomenon. 

The  subject  thus  brought  into  question  seemed  of  sufficient  in- 
terest to  justify  further  study.  At  the  suggestion  of  Professors 
Nichols  and  Merritt  the  following  series  of  tests  for  fluorescence 
absorption  was  made  upon  Weselski's  diazo-rezorufin.  Some  ex- 
perimental work*  just  completed,  in  which  a  study  had  been  made 
of  the  fluorescence  and  ordinary  absorbing  power  of  resorufin,  sug- 
gested this  as  a  desirable  substance  for  further  investigation. 

A  preliminary  set  of  experiments  showed  that  resorufin  acquires 
a  measurable  increase  in  absorbing  power  during  fluorescence. 
This  phenomenon  was  then  studied  in  its  relation  to : 

^  A  paper  presented  at  the  Ithaca  meeting  of  the  American  Physical  Society,  June, 
1906. 

'Burke,  John,  Philosophical  Transactions,  Vol.  191  A,  p.  87,  1898. 
•Nichols  and  Merritt,  Physical  Review,  Vol.  XIX.,  p.  397,  1904. 
^Camichel,  M.,  Comptes  Rendus,  140,  p.  139. 
*Wick,  Frances  G.,  Physical  Review,  Vol.  24,  p.  356,  1907. 
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1.  Intensity  of  transmitted  light. 

2.  Intensity  of  fluorescent  light. 

3.  Thickness  of  absorbing  layer. 

4.  Wave-length. 

5.  Concentration. 

Method  and  Apparatus. 

The  method' used  was  essentially  the  same  as  that  employed  by 

Nichols  and  Merritt,  the  instrument   used   being   the    Lummer- 

Brodhun  spectrophotometer.     The  fluorescent  solution,  contained 

in  a  rectangular  glass  cell  R  (Fig.  i),  was  placed  in  front  of  slit  S. 

R 


0IIE 
A 


^4: 


Fig.  1. 

A  bank  of  four  acetylene  flames  U  was  used  as  a  source  of  fluores- 
cence excitation.  The  source  for  transmission  was  an  acetylene 
flame  L  from  which  light  was  diffusely  reflected  by  a  block  of 
magnesium  carbonate  M,  The  intensity  of  transmission  was  ad- 
justed by  altering  the  angle  of  M.  Screens  i  and  2  were  arranged 
like  shutters  so  that  light  from  M  or  U  could  be  entirely  cut  off. 
For  observations  in  which  the  intensity  of  fluorescence  was  varied, 
and  those  in  which  the  thickness  of  the  solution  was  changed  at  a 
constant  wave-length,  a  glass  cell  containing  a  dilute  solution  of  the 
fluorescent  substance  was  placed  between  the  flame  L  and  the  car- 
bonate M.  This  acted  as  a  screen  to  prevent  fluorescence  excita- 
tion by  the  transmitted  light. 
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To  determine  the  increase  in  absorption  due  to  fluorescence  three 
readings  of  the  micrometer  screw  attached  to  5'  were  necessary. 

1.  Transmission  (T),  —  Intensity  of  light  transmitted  from  M, 
shutter  i  being  open  and  2  closed. 

2.  Fluorescence  (F),  —  Intensity  of  the  fluorescent  light,  shutter 
2  being  open  and  i  closed. 

3.  Transmission  and  Fluorescence  combined  {C),  —  Intensity  of 
light  observed  with  i  and  2  both  open. 

If  the  absorbing  power  were  not  changed  during  fluorescence  the 
sum  of  the  first  two  readings  {T+  F),  would  equal  the  third  (C). 
This,  however,  did  not  prove  to  be  the  case.  From  actual  observa- 
tions 

T+F>  C 

An  increase  in  absorption  takes  place  which  is  measured  by  the 
expression 

This  increase,  Ap,  is  called  by  Nichols  and  Merritt  "  fluorescence 
absorption.**  The  values  of  T,  F,  C  and  Ap  were  obtained  in  terms 
of  the  width  of  slit  5'  as  read  from  the  drum  of  its  micrometer  screw. 
Different  sets  of  observations  are  not  comparable  since  the  compari- 
son source  was  so  adjusted  as  to  produce  the  best  possible  match  in 
color  and  intensity. 

Difficulties  and  Sources  of  Error. 

In  all  spectrophotometric  work,  especially  determinations  such  as 
this,  in  which  a  small  final  result  is  obtained  from  the  difference  of 
two  relatively  large  observations,  the  probability  of  error  is  great. 
This  work  was  done  in  a  dark  room  and  special  precautions  were 
taken  in  the  adjustment  of  screens  and  shutters  to  eliminate  stray 
light.  All  possible  care  was  taken  in  the  arrangement  of  every 
part  of  the  apparatus. 

The  most  serious  difficulty,  however,  was  one  of  color  match,  and 
this  could  not  be  avoided  by  any  mechanical  adjustment.  In  making 
a  set  of  observations  extending  through  the  fluorescence  band  the 
width  of  the  collimator  slit  5  (Fig.  i)  had  to  be  kept  constant.  A 
perfect  color  match  was  possible  only  when  the  intensities  of  the 
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two  sources  of  light  was  such  as  to  make  slit  widths  5  and  S' 
(Fig.  i)  equal.  But  as  different  wave-lengths  were  observed,  keeping 
the  comparison  source  L  constant,  the  intensities  of  7)  F  and  C, 
varied  in  such  a  way  as  to  require  the  width  of  S'  to  be  made  in 
some  cases  greater  and  in  others  less  than  that  of  5. 

Since  the  proper  adjustment  is  difficult  to  make  with  accuracy  it 
is  essential  that  the  observer's  eyes  be  kept  sensitive  and  that  they 
be  allowed  to  become  perfectly  restored  after  exposure  to  light  be- 
fore any  observations  are  made.  Care  was  taken  in  this  work  to 
have  the  periods  of  observations  short,  and  results  were  rejected  as 
inaccurate  when  the  individual  settings  for  any  one  measurement 
began  to  vary  widely.  An  average  of  from  three  to  six  settings  of 
the  micrometer  screw  was  taken  for  each  of  the  values  obtained. 

Fluorescence  Absorption  and  Intensity  of  Transmitted  Light. 

The  first  series  of  measurements  was  made  to  determine  the  rela- 
tion between  fluorescence  absorption  and  the  intensity  of  transmitted 
light.  Tables  I.  and  II.  give  the  results  obtained  by  a  variation  in 
the  intensity  of  transmitted  light,  all  other  conditions  being  kept 
constant.  Fluorescence  absorption  {Ap^y  it  will  be  observed,  is 
nearly  constant  for  all  values  of  transmission  (7^),  in  a  given  set  of 
measurements. 

According  to  Nichols  and  Merritt,  as  the  intensity  of  the  trans- 
mitted light  increases  from  zero,  fluorescence  absorption  must  also 
increase  to  a  certain  maximum  value,  at  which  saturation  is  reached. 
At  this  point  the  intensity  of  transmitted  light  is  so  small  as  to  make 
accuracy  of  measurement  impossible.  The  tables  here  given  serve 
as  additional  evidence  of  the  truth  of  the  conclusions  drawn  by 
Nichols  and  Merritt,  that  fluorescence  absorption  does  not  take 
place  in  accordance  with  the  ordinary  laws  of  absorption.  An 
increase  in  the  intensity  of  the  incident  light  is  not  accompanied  by 
a  corresponding  increase  in  absorption. 

Fluorescence  Absorption  and  Intensity  of  Fluorescence. 

In  the  next  set  of  observations  the  intensity  of  the  fluorescent 
light  was  varied  by  changing  the  distance  of  U  from  the  face  of  the 
cell  (/?)  (Fig.  I). 
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Table  I. 

Dependence  of  Fluor es fence  Absorption  upon  the  Intensity  of  the  Incident  Light.     /., 
//.  and  III  indicate  the  Individual  Observations  from  which  the  Average  was  Computed, 
The  Measurements  were  made  upon  Concentration  XIZI^  at  Wave-length  ,6^fi. 


T 

F 

C 

T+F 

^F 

I.     '    II.        III. 

Av. 

I. 

II. 

III.   i    Av. 

I. 

II.    ^    III.   1    Av. 

Av.    1   Av. 

25.2    24.8*24 

24.7 

12 

11.4 

11.3    11.57 

34.3 

34.5    33 

33.93 

36.27 

2.34 

36.4    36.5 

35 

35.97 

11 

11 

11       11 

44.5 

44.7    44 

44.4 

46.97 

2.57 

56.2  ,  60 

59 

58.4 

11.3  :  10.8 

11 

11.03 

65.4 

66.5  1  66.2 

66.03 

69.43 

3.4 

68.3  !  67 

67 

67.43 

10.6 

10 

11 

10.53 

75.5 

75       76 

75.5 

77.96 

2.46 

74     !  73.8 

74.8 

74.2 

10.6 

11 

11.2 

10.93 

82 

82.8    82.4    82.4 

85.13 

2.71 

Table  II. 

Dependence  of  Fluorescence  Absorption  upon  the  Intensity  of  the  Inciden{  Light, 
Concentration  1/128.      Wave-length  .646 /i. 


13 

3L5 

68.23 

89.9 

98.27 


4.5 
24.27 
29.8 


10.4 
10.1 
9.93 
10.43 
10.3 


2L73 
39.56 
75.2 
97.8 
105.375 


Concentration  1/64.      Wave-length  ,646  fi. 


18.9 

21.7 

1.7 

18.7 

39.8 

3.17 

18.4 

45.48 

2.72 

1.67 
2.04 
2.96 
2.53 
3.195 


Concentration  1/128. 

Wave-length  ,646 fi. 

13.17 

10.5 

21.43 

2.24 

32.85 

10.5 

39.4 

3.95 

57.47 

10.87 

62.5 

5.84 

68.65 

10.5 

76.96 

2.19 

84.3 

10.6 

90.7 

4.2 

114.1 

11 

117 

8.1 

The  relation  between  fluorescence  and  fluorescence  absorption  was 
thus  determined.  The  results  indicate  that  for  small  values  an  in- 
crease in  fluorescence  causes  an  increase  in  fluorescence  absorption. 
At  a  certain  point  saturation  is  reached,  further  increase  in  the  in- 
tensity of  fluorescence  producing  no  change  in  fluorescence  absorp- 
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tion.     This  is  shown  in  Table  III.,  graphically  represented  in  Fig.  2. 
In  the  last  two  sets  of  observations  given,  there  are  no  observations 


Table  III. 

Dependence  of  Fluorescence  Absorption  upon  the  Intensity  of  the  Fluorescent  Light. 
Concentration  1/64.      IVavelength  .646/'. 


I 


30.2 

30.95 

31.45 

30.95 

31.7 

31.2 

32.8 

32.46 

31.95 

31.6 

31.4 

31.8 

31.6 

32.3 


3.4 

6.2 

8.2 

13.45 

17.2 

23.5 

27.95 

33.7 

46.63 

60.6 

66.5 

94.83 

83.07 

140.7 


33.2 

35.2 

38.2 

41.45 

46.37 

51.2 

56.8 

61 

72.2 

87.4 

90.9 

120.3 

109.26 

168.12 


Concentration  1/128.      Wave-length  .646//. 


.4 

1.95 
1.45 
2.95 
2.53 
3.5 
3.95 
5.16 
6.38 
4.8 
7 

6.33 
5.41 
4.88 


Concentration  If  (A. 

Wave-length  .646 //. 

34.9 

7.37 

41.1 

1.17 

33.82 

9.37 

40.25 

2594 

32.9 

12.9 

42.9 

2.9 

34.9 

16.27 

46 

5.17 

35.7 

20.7 

51.5 

4.9 

35.33 

22.53 

53.37 

4.49 

34.63 

23.7 

52 

6.33 

Concentration  1/128.      Wave-length  .646 /i. 


45.88 
44.9 
44.78 
46.3 


10.05 
13.37 
19.6 
22.95 


44.125 
46.17 
47.66 
54.9 


11.805 
12.1 
16.72 
14.35 
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below  the  point  at  which  saturation  is  reached.      This  same  satu- 
ration effect  was  previously  observed  by  Nichols  and  Merritt. 
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Figf.  2.     Fluorescence  absorption  as  a  function  of  intensity  of  fluorescence. 

Fluorescence  Absorption  With  Variation  in  the  Thickness 
OF  the  Absorbing  Layer. 
In  the  previous  experiments  the  section  of  the  liquid  excited  to 
fluorescence  through  which  the  transmitted  light  passed  was  kept 
constant,  /.  ^.,  5.45  cm.  To  find  what  effect  a  change  in  thickness 
has  upon  fluorescence  absorption,  the  width  of  the  section  of  the  cell, 
R,  exposed  to  the  exciting  light  L  (Fig.  i)  was  varied,  A  section 
of  the  solution  i  mm.  wide  at  the  end  of  the  cell  next  to  the  col- 
limator slit  S  was  first  excited  to  fluorescence.  The  width  of  this 
section  was  gradually  increased  until  it  covered  the  whole  face  of 
the  cell,  readings  being  taken  for  each  increase  in  width. 


u.  «     ^ ' '  * 

< ^"^ 

w  / ^— ~— ^ 

/  « 


O  10  20  30  40  50i 

Fig.  3.     FI  uorescence  absorption  as  a  function  of  the  thickness  of  the  absorbing  layer. 

Fig.  3  shows  the  result.  Fluorescence  absorption  increases 
with  an  increase  in  thickness  up  to  a  certain  point,  for  this  particular 
concentration  about  1.25  cm.     Further  increase  in  thickness  pro- 
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duces  no  change  in  fluorescence  absorption.  The  complete  set  of 
curves  from  the  first  observations  given  in  Table  IV.  is  shown  in 
Fig.  4. 

As  a  check  upon  this  work  the  same  series  of  measurements 
was  made  beginning  with  the  i  mm.  slit  at  the  opposite  end  of  the 


125 


100 


75 


50 


25 


/ 

/ 

'/ 

/ 

y 

/ 

/ 

/ 

/ 

/ 

T 

/ 

'^^  . 

Fig.  4.  Curves  showing  the  eftect  of  change  in  the  thickness  of  the  absorbing  layer, 
the  width  of  band  being  increased  from  the  end  of  the  cell  next  to  the  collimator  tube 
toward  the  end  next  to  the  source  of  transmitted  light. 

F=^  observed  fluorescence. 

T-=  transmission. 

C:=  fluorescence  and  transmission  combined. 

Af=.  7'+  F —  Cr=  fluorescence  absorption. 

cell,  i,  e.,  the  end  next  to  J/(Fig.  i),  and  gradually  increasing  the 
width  of  the  opening  toward  the  collimator  tube  until  the  whole 
face  of  the  cell  was  excited.  The  results,  given  in  the  third  set  of 
observations  in  Table  IV.,  and  Fig.  5,  were  similar  to  those  ob- 
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Table  IV. 

Dependence  of  Fluorescence  Absorption  upon  the  Thickness  of  the  Absorbing  Layer. 

Concentration  1/64.      Wavelength  ,M6fi. 
Variation  in  thickness  beginning  at  end  of  cell  next  to  the  collimator  tube. 


* 

Thickness. 

T 

/>' 

c 

^F 

2  mm. 

25.5 

6.1 

29.69 

1.91 

4 

25.21 

11.85 

35.83 

1.23 

7 

25.43 

19.58 

42.65 

2.36 

12 

24.6 

35 

54.91 

4.69 

17 

25.05 

46.57 

67.25 

4.38 

27 

23.9 

65.7 

84.26 

5.34 

49 

24.7 

114.2 

134.2 

4.7 

1mm. 

3 

5 

7 

12 
17 
27 
37 


Concentration  1/64.      fVave- 

length  .646//. 

28.9 

3.95 

31.94 

.91 

28.9 

8.4 

34.1 

3.2 

28.1 

12.2 

37 

3.3 

28.1 

16 

40.2 

3.9 

27.84 

24.3 

47.3 

4.84 

28.1 

34.8           1           57.3 

5.6 

27.5 

46.88 

68.74 

5.64 

28.1 

62.8 

84.5 

6.4 

Concentration  1/64.      Wave-length  .646//. 
Variation  in  thickness  beginning  at  end  of  cell  away  from  the  collimator  tube. 


Imra. 

27.5 

2.6 

29.4 

.7 

3 

27.6 

6 

32.1 

1.5 

5 

27.63 

8 

33.6 

2.03 

7 

26.58 

12.8 

35.3 

4.08 

12 

26.9 

20.37 

42.7 

4.57 

17 

26.2 

28.45 

49.6 

5.05 

22 

26.2 

37.3 

54.45 

9.05 

32 

26.2 

46.9 

67.2 

5.9 

42 

26.2 

59.7 

80.7 

5.2 

54 

26.2 

71.5 

91.8 

5.9 

tained  from  measurements  in  the  other  direction.  This  might  be 
expected  since  the  solution  used  was  very  dilute  and  at  the  wave- 
length studied  ordinary  absorption  was  insignificant. 

In  Fig.  5,  the  curve  marked  Ap  shows  the  same  saturation  effect 
observed  in  Figs.  3  and  4.  Curve  F,  Figs.  4  and  5,  gives  the 
observed  fluorescence  and  curve  C  the  fluorescence  and  transmis- 

n  combined.  Curve  F  bends  to  about  the  point  at  which  satu- 
sio 
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ration  is  reached  in  Ap  then  becomes  a  straight  line.  This  is  ex- 
plained by  the  fact,  that,  at  first,  with  increased  thickness  there  is 
an  increase  in  the  fluorescence  absorption.  This  decreases  the 
intensity  of  the  observed  fluorescent  light.  After  saturation  has 
been  reached  the  increase  in  the  observed  fluorescence  is  propor- 
tional to  the  increase  in  thickness,  fluorescence  absorption  entering 
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Fig.  5.  Curves  showing  the  effect  of  change  in  thickness  of  the  absorbing  layer,  the 
thickness  being  increased  from  the  end  of  the  cell  next  to  the  source  of  transmission 
toward  the  collimator  tube. 

as  a  constant  factor.  Curve  C  is  approximately  a  straight  line. 
Other  sets  of  measurements  were  made  with  similar  results.  In 
every  case  a  saturation  point  was  reached  beyond  which  an  increase 
in  thickness  produced  no  change  in  fluorescence  absorption. 

It  thus  appears  that  the  energy  absorbed  from  the  transmitted  light 
increases  with  increasing  thickness  up  to  a  certain  limit,  beyond  which 
fluorescence  absorption  is  not  changed  by  increasing  the  thickness 
of  the  fluorescent  solution.  A  saturation  point  is  reached  similar  to 
that  observed  in  changing  the  intensity  of  fluorescence. 

Relation  of  Fluorescence  Absorption  to  Wave-length. 
The  relation  between  fluorescence  absorption  and  wave-length  was 
determined  by  shifting  the  telescope  into  different  positions  in  the 
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fluorescence  band  and  making  readings  of  T,  F,  and  Ap  at  different 
wave-lengths. 

Table  V. 

Dependence  of  Fluorescence  Absorption  upon  Wave4ength,     Concentration  1/16. 


Wave-length. 

T 

F 

C 

Ap 

,542 /i 

.7 

1.7 

1.5 

.9 

.562 

.38 

2.3 

2.55 

.13 

.589 

7.76 

15.75 

22.9 

.61 

.614 

31.97 

26.31 

54.7 

3.58 

.646 

39.88 

13.8 

52.7 

.98 

.69 

36.55 

7.82 

43.35 

1.02 

Concentration  1/2. 

.589 /i 

.55 

4.325 

4.9 

.025 

.614 

11.3 

20.63 

29.575 

2.355 

.646 

31.75 

27.95 

51.975 

7.725 

.69 

40.4 

15.9 

52.375 

3.92 

oz^jji  aeo/A  a69/ji         o.7o/a 

Fig.  6.  Fluorescence  absorption  as  a  function  of  wave-length. 

Table  V.,  represented  graphically  in  Fig.  6,  gives  the  average  of 
three  sets  of  observations  made  upon  concentration  one  sixteenth, 
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a  screen  of  one  sixty-fourth  resorufin  being  so  adjusted  between  L 
and  M  (Fig.  i)  as  to  cut  off  those  rays  which  might  produce  fluores- 
cence and  thus  introduce  error.  The  fluorescence  absorption 
curve,  Ap,  follows  the  fluorescence  curve,  F^  the  maxima  of  the  two 
corresponding  in  wave-length.  Table  V.  gives  also  the  average 
of  three  sets  of  observations  made  upon  concentration  one  half. 

Other  measurements  given  in  Table  VI.  were  made  earlier  with- 
out the  interposition  of  the  resorufin  screen.  These  indicate  greater 
errors  of  observation  but  in  general  it  will  be  noticed  that  the 
greatest  fluorescence  absorption  takes  place  in  the  region  of  greatest 
fluorescence. 

Table  VI. 

Dependence  of  Fluorescence  Absorption  upon  Wave-length.     Concentration  1/128. 


Wave-iength. 


.524 /i 

.542 

.562 

.589 

.614 

.646 


T 

F 

11.7 

2.5 

11.56 

2.7 

9.86 

4.55 

14.5 

16.6 

23.65 

17.9 

32.9 

10.4 

11.8 

11.73 

13.35 

29.75 

37.25 

39.35 


2.3 

2.43 

1.06 

1.35 

4.3 

3.95 


Concentration  IjfA. 


.524// 

10.25 

1.95 

10.3 

1.9 

.542 

7.73 

1.8 

7.5 

2.03 

.562 

6.47 

5.07 

9.27 

2.27 

.589 

8.6 

35.9 

42.4 

2.1 

.614 

21.73 

47.7 

65.23 

4.2 

.646 

30.83 

26.9 

53.97 

3.76 

Concentration  1/128. 


.542 /i 

11.2 

1.2 

11.45 

.562 

7 

4.2 

10.2 

.589 

14.45 

29.8 

40.7 

.614 

34.4 

39.7 

64.9 

.646 

46.6 

22.5 

55.4 

.69 

48.2 

19.45 

59.8 

.95 
1 

3.55 
9.2 
13.7 
7.85 


Change  in  Concentration. 
The  relation  between  fluorescence  and  fluorescence  absorption  is 
further  brought  out  by  a  comparison  of  the  results  obtained  from 
different  concentrations.     The  positions  of  maximum  fluorescence 
and  fluorescence  absorption  correspond  in  each  case. 
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Fig.  7  gives  results  from  two  concentrations.  Curves  /^and  Ap 
represent  fluorescence  and  fluorescence  absorption  for  concentration 
one  sixteenth,  the  corresponding  maximum  being  .61  //.  Curves  F' 
and  Ap  represent  fluorescence  and  fluorescence  absorption  of  con- 
centration one  half.     The  maximum  of  fluorescence,  F\  has  shifted 


0.55/X       '      O.6OJU 


aes^ 


0.70/JI 


Fig.  7.  Fluorescence  absorption  as  a  function  of  wave-length  in  different  concentra- 
tions. 

Curves  T',  /*and  Ap  correspond  to  concentration  ^. 

Curves  T\  P y  and  Ap^  correspond  to  concentration  J.  ^ 

to  about  .635  fi — an  effect  due  to  increased  absorption  on  the  side  of 
the  band  next  to  the  violet.  The  maximum  fluorescence  absorption, 
yJ/,  has  also  shifted  to  about  the  same  point. 

Conclusion. 

The  experiments  described  in  this  paper  serve  as  a  confirmation 
of  the  work  done  by  Professors  Nichols  and  Merritt  for  whose  en- 
couraging interest  the  author  wishes  to  express  her  grateful  appre- 
ciation. 

The  fact  that  during  fluorescence  a  substance  acquires  a  temporary 
power  of  absorbing  those  rays  emitted  during  excitation  seems  reason- 
able ;  but  certain  phenomena  observed  in  connection  with  this  in- 
crease baffle  explanation.'  It  seems  natural  to  expect  that  with  an 
increase  in  the  intensity  of  transmitted  light  an  increase  in  fluores- 
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cence  absorption  will  take  place  according  to  the  known  laws  of 
ordinary  absorption,  but  such  is  not  the  case.  The  increased  absorp- 
tion seems  independent  of  the  intensity  of  transmitted  light. 

The  saturation  effect  observed  with  increase  in  the  thickness  of 
the  fluorescent  solution  is  equally  strange.  After  a  certain  thickness 
has  been  reached  further  increase  in  thickness  has  no  effect  upon 
fluorescence  absorption. 

Another  surprising  fact  brought  out  is  that  the  fluorescence 
absorption  band  corresponds  in  position  with  the  observed  fluores- 
cence band.  It  might  be  expected  that  a  phenomenon  which  seems 
to  be  an  accompaniment  of  fluorescence  should  show  a  maximum 
effect  not  at  the  observed  maximum  of  fluorescence,  after  absorption 
has  taken  place,  but  at  the  actual  maximum  fluorescence  point 
found  by  correcting  for  absorption. 

In  this  paper  no  attempt  has  been  made  at  explanations,  the 

object  being  simply  to  present  the  observational  facts  with  the  object 

of  discovering  whether  or  not  any  peculiar  absorption  phenomena 

accompany  fluorescence  in  resorufin. 

Physical  Laboratory, 
Cornell  University. 
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REFLECTION  AND  TRANSMISSION  OF  ELECTRIC 
WAVES  BY  RESONATOR  GRATINGS. 

Remarks  on  a  Paper  Under  This  Title,  by  F.  C.  Blake 
AND  C.  R.  Fountain. 

By  Clemens  Schaefer. 

IN  a  research/  which  has  just  been  published,  Messrs.  Blake  and 
Fountain  have  investigated  the  reflection  and  transmission  of 
electric  waves  by  systems  of  resonators. 

The  method  which  they  use  is  similar  to  that  which  Garbasso,^ 
Aschkinass  and  I  *  have  employed ;  we  will  speak  later  of  the 
changes  they  have  introduced.  Their  results  confirm  in  part  those 
previously  obtained  by  the  above-mentioned  authors.  Along  with 
other  work,  I  *  published  some  of  their  results  in  an  article  under  the 
title,  •'  Concerning  the  Selective  Properties  of  Resonator  Gratings," 
in  the  Annalen  der  Physik,  in  January,  1905.  This  article  has  ap- 
parently not  come  to  the  notice  of  Messrs.  Blake  and  Fountain.  At 
least  I  can  find  no  evidence  that  it  has,  although  in  the  article  by 
Patzold,  cited  by  them  in  their  appendix,  my  work  is  frequently 
mentioned. 

This  is  my  reason  for  giving  the  work  of  Messrs.  Blake  and 
Fountain  somewhat  closer  consideration,  and  especially  since  their 
method,  in  those  points  where  it  differs  from  that  of  Aschkinass  and 
myself,  is  by  no  means  an  improvement,  but  to  my  mind  at  least  is 
even  poorer. 

As  Garbasso  first  showed,  the  resonator  gratings  here  used 
possess  selective  properties  for  electric  waves ;  /.  e,,  they  reflect  to 
a  considerable  extent  only  those  waves  whose  period  of  vibration 

»F.  C.  Blake  and  C.  R.  Fountain,  Phys.  Rev.,  XXIII.,  p.  257,  1906. 
«A.  Garbasso,  Atti  Ace.  di  Torino,  XXVIII.,  pp.  470  and  816,  1893.     Journal  de 
Physique,  XXII.,  p.  259,  1893. 

»E.  Aschkinass  and  C.  Schaefer,  Ann.  d.  Phys.,  V.,  p.  489,  1901. 
«C.  Schaefer,  Ann.  d.  Phys.,  XVI.,  p.  106,  1905. 
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does  not  differ  greatly  from  their  own.  Two  methods  present  them- 
selves for  the  study  of  the  relation  between  reflection,  with  its  cor- 
responding transmission,  and  the  wave-length  : 

I.  We  may  use  a  single  resonator  grating,  which  remains  un- 
changed during  the  experiment.  In  this  case  we  must  use  a  va- 
riable exciter  and  receiver  to  give  us  the  necessary  wave-lengths 
within  the  limits  over  which  we  wish  to  study  the  extent  of  reflec- 
tions or  transmission.  This  method  is  exactly  that  which  is  used  in 
the  corresponding  measurements  in  optics.  This  method  seems  to 
me  for  certain  reasons  to  have  the  advantage  over  the  one  to  follow. 

II.  We  work  with  a  single  wave-length,  i.  e,,  with  an  unchanging 
exciter  and  receiver,  varying  instead  the  resonator  gratings,  i,  ^., 
the  length  of  the  resonators.  With  this  method,  too,  which  in  a 
certain  sense  is  only  a  reversal  of  the  previous  one,  we  may  obtain 
unimpeachable  results.  By  this  method,  for  example,  the  investi- 
gations    of    Garbasso,     and 

*  _      1  I  — 1    Aschkinass-Schaefer  were  car- 
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ried  out.  Messrs.  Blake  and 
Fountain  have  also  used  this 
second  method,  but  in  a  way 

Fig.  1.  objection. 

I  will  now  try  to  make  this 
clear.  The  characteristic  point  in  the  method  used  is  the  variation 
of  the  resonator  grating.  Let  us  see  how  this  was  done  in  this 
investigation.  According  to  the  table,  page  265,  the  authors  start 
out,  for  example,  in  their  curves  T  and  R  of  Fig.  8,  with  a  grating, 
the  structure  of  which  can  be  seen  from  the  accompanying  figure. 

This  grating  they  change  by  the  gradual  decrease  of  the  resona- 
tors, all  other  dimensions  of  the  apparatus  remaining  unaltered. 

There  are  objections  to  this  method,  although  at  first  sight  it  is 
apparently  correct.  In  order  to  make  this  clear,  consider  the  fol- 
lowing :  The  power  of  a  resonator  grating  to  reflect,  and  conse- 
quently too,  to  transmit,  depends  not  only  on  the  length  of  the 
resonators  but  also  on  their  number  and  their  arrangement.  So 
gratings  made  of  resonators  of  different  lengths  are  in  general  not 
at  all  comparable.     That  is,  the  question  which  rises  in  using  the 
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second  method  is  this  :  How  must  resonator  gratings,  consisting  of 
resonators  of  different  lengths,  be  arranged,  in  order  to  be  com- 
parable with  another  ?  The  answer  to  this  question  is  easy,  if  we 
for  a  moment  consider  the  relations  holding  when  we  employ  the 
first  method,  which,  as  already  stated,  is  entirely  analogous  to  the 
method  used  in  the  corresponding  optical  measurements.  Here 
the  grating  stays  unchanged  during  the  experiment,  while  the 
wave-length  is  varied.  If  we  -pass  from  a  wave-length  >lj  to  a  sec- 
ond ^2»  the  corresponding  linear  dimensions  of  the  grating  have 
changed  in  the  proportion  of  X^j  X^,  using  as  a  unit  the  new  wave- 
length Xy  And  here  we  see  the  answer  to  our  question  :  In  using 
the  second  method  it  is  not  sufficient  to  change  the  length  of  the 
resonators  alone,  but  all  corresponding  dimensions  of  the  grating 
must  be  changed  in  the  same  ratio.  Only  thus  can  we  obtain  com- 
parable relations,  as  in  the  case  of  those  optical  experiments  where 
we  meet  selective  reflections,  and  in  this  w^y  we  get  exactly  these 
relatively  simple  relations.  The  error  in  the  method  of  Blake  and 
Fountain  is  that  they  did  not  notice  this  fact,  although  Aschkinass 
and  I  laid  especial  emphasis  upon  it. 

This  explanation  makes  it  at  once  clear  how  much  simpler  the 
first  method  is,  because  this  particular  difficulty  does  not  enter  into 
it  at  all.  Hence  the  curves  of  Messrs.  Blake  and  Fountain  are 
quite  complicated,  and  cannot  well  be  compared  with  those  of  the 
previous  investigators,  and  it  is  not  possible  to  apply  the  ordinary 
dispersion  formulae  to  them  directly  as  would  be  the  case  with  the 
curves  of  Aschkinass  and  myself.  In  short,  Blake  and  Fountain 
obtained,  on  account  of  the  construction  of  their  gratings,  compli- 
cated relations  instead  of  relatively  simple  ones. 

I  have  mentioned  already  that  many  of  the  results  obtained  by 
Messrs.  Blake  and  Fountain  are  only  substantiations  of  the  work  of 
previous  authors.  I  will  now  make  this  clear  in  a  special  case. 
Blake  and  Fountain  discuss  this  problem :  How  does  the  length  of 
the  resonators  corresponding  to  maximal  resonance  change,  when 
the  elements  of  the  grating  are  brought  closer  together  ?  They  find, 
that  a  diminution  of  the  distance  between  the  resonators  in  a  direc- 
tion at  right  angles  to  the  electric  force  requires  a  greater  resonator 
length  to  produce  maximal  resonance.     According  to  their  results. 
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within  the  limits  investigated,  a  diminution  of  the  distance  in  a 
direction  parallel  to  the  vector  of  electric  force  makes  no  difference 
at  all.  From  the  standpoint  of  the  first  method,  this  means  that  in 
the  first  case  the  point  of  maximal  resonance  is  changed  so  that  it 
occurs  at  a  smaller  wave-length,  while  in  the  second  case  it  is 
unaffected. 

I  discussed  this  same  question  in  the  article  previously  mentioned, 
and  studied  the  phenomena  by  the  first  method,  which  seems 
certainly  better  on  account  of  its  simplicity.  The  results  I  obtained 
are  these :  (i)  A  diminution  of  the  distance  in  a  direction  at  right 
angles  to  the  electric  vector  changes  the  maximal  resonance  to  a 
point  of  smaller  wave-length.  This  is  the  same  result  as  obtained 
by  Blake  and  Fountain.  (2)  A  decrease  of  the  distance  in  a  direc- 
tion parallel  to  the  electric  force  changes  the  maximal  resonance 
to  a  point  of  greater  wave-length.  This  result  is  exactly  opposite 
to  that  of  Blake  and  Fountain  ;  however  this  contradiction  is  easily 
explained,  since  I  varied  the  distances  within  wider  limits  than  they. 
Further  it  must  not  be  forgotten  that,  strictly  speaking,  the  curves 
of  Blake  and  Fountain  are  not  at  all  comparable  with  mine.  The 
fact  that  they  did  not  find  the  change  in  the  point  of  maximal 
resonance  in  the  second  case,  is  of  itself  a  proof  of  the  unsuitability 
of  their  method.  Moreover,  according  to  the  explanation  which 
Blake  and  Fountain  put  forward  for  the  change  in  the  first  case, 
one  would  also  expect  a  change  in  the  second.  Consider  this 
explanation  for  a  moment.  They  say,  page  268  :  **  that  the  reso- 
nance length  should  decrease  with  increasing  distance  between  the 
strips  was  to  be  expected ;  for  since  at  any  instant  the  currents  in 
the  resonators  are  all  in  the  same  direction,  the  effect  of  induction 
is  reduced  by  decreasing  the  distance  between  them,  hence  in  order 
to  respond  to  a  given  wave  the  capacity  of  the  resonators  must  be 
increased,  that  is,  they  must  be  lengthened." 

I  cannot  understand  this  explanation  because  of  its  inexactness  o 
statement.     What  is  meant  by  "  the  effect  of  induction  *'  ?     The 
only  factor  concerning  the  induction,  which  can  be  changed  through 
a  change  in  the  distance  between  the  resonators,  is  the  coefficient  of 
mutual  induction.     As  I  previously  showed,*  however,  this  change 

^  C.  Schaefer,  1.  c. 
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would,  in  the  first  case,  have  an  effect  exactly  opposite  to  the  ob- 
served ;  while  in  the  second  case,  on  the  pther  hand,  the  theoretical 
changes  would  correspond  with  those  observed  by  myself.  These 
points  make  it  clear  that  the  explanation  in  the  first  case,  by  means 
of  the  coefficient  of  mutual  induction,  is  not  complete.  We  must 
rather  take  into  account  that  a  change  in  the  distance  between  the 
resonators  also  changes  in  general  their  capacity.  The  change  in 
capacity,  however,  causes  in  both  cases  a  change  in  the  point  of 
maximum  resonance  corresponding  to  the  experimental  results. 
That  is,  the  explanation  of  Messrs.  Blake  and  Fountain  is  certainly, 
if  not  absolutely  wrong,  at  least  incomplete. 

I  pass  now  to  the  consideration  of  a  phenomenon  which  Messrs. 
Blake  and  Fountain  discovered,  and  to  which  they  gave  the  name  of 
"  Extra  transmission.*'  They  met  this  phenomenon  in  the  case  of 
resonator  gratings  glued  to  glass  plates.  Essentially  it  is  this,  that 
such  a  resonator  grating  glued  to  glass,  under  certain  conditions, 
transmits  morey  and  consequently  reflects  less,  than  the  glass  plate 
alone.  The  authors  explain  this  remarkable  phenomenon  by  saying 
that  the  glass  plate  and  resonators  may  be  a  medium  with  a  variable 
index  of  refraction,  and  that,  according  to  the  optical  dispersion  for- 
mulae, under  certain  conditions  the  index  of  refraction  may  become 
smaller  than  that  of  the  glass  itself.  Although,  as  I  have  already 
shown,  the  optical  dispersion  formulae  are  not  here  applicable  en- 
tirely without  restriction,  still  there  is  no  objection  to  be  raised  to 
this  explanation,  provided  the  phenomenon  in  question  is  a  fact.  I 
must  say,  however,  that  the  description  of  Blake's  and  Fountain's 
experiments  has  not  convinced  me  of  the  reality  of  the  phenomenon. 
My  reasons  are :  first,  that  none  of  the  earlier  experimenters 
found  this  phenomenon,  although,  according  to  Blake  and  Foun- 
tain, it  is  quite  marked.  In  particular,  Aschkinass  and  I  did  not 
find  this  to  happen.  Hence  in  this  latter  investigation  we  must 
assume  quite  large  errors  of  observation.  Now,  such  large  errors 
are  surely  here  out  of  the  question,  as  is  easily  seen  from  the  excel- 
lent correspondence  of  our  measurements  of  the  dielectric  constant 
with  those  of  the  other  investigators.  Moreover,  I  have  repeated 
the  measurements  of  Blake  and  Fountain  in  question,  reproducing 
their  arrangement  of  apparatus.     The  only  change  I  made  was  to 
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restrict  the  wave-flow  by  making  it  pass  through  two  diaphragms, 
with  openings  of  24  x  32  cm.  The  resonator  grating  used  was  of 
the  same  size.  It  only  remains  to  be  said  that  the  area  of  the  reso- 
nator grating  was  smaller  than  the  mouth  of  the  concave  mirror 
used.  With  this  apparatus  I  was  likewise  unable  to  find  any 
•*  extra  transmission."  More  than  that,  the  grating  always  trans- 
mitted less  energy  than  the  glass  plate  alone.  If  the  diaphragms 
were  removed,  the  transmittivity  of  the  resonator  grating  increased ; 
if  the  rays  were  made  divergent^  by  moving  the  exdter  a  bit  from 
the  focus  of  the  concave  mirror,  the  transmittivity  increased  still 
more.  Now  this  result  is  an  approximation  of  the  phenomenon  of 
"  extra  transmission  "  ;  but  I  did  not  succeed  in  verifying  the  obser- 
vations of  Blake  and  Fountain. 

The  question  is,  must  we  accept  the  explanation  of  Blake  and 
Fountain,  or  can  we  give  another.  To  answer  this,  it  must  be  kept 
in  mind,  that  these  authors  did  not  use  diaphragms  to  restrict  the 
wave  flow  ;  moreover  the  area  of  their  resonator  grating  was  larger 
than  that  of  their  parabolic  mirror.  Now,  if  we  assume  that  the 
original  electric  waves  were  not  exactly  parallel,  but  slightly  divergent ^ 
it  would  actually  be  possible  to  observe  a  phenomenon  like  **  extra- 
transmission."  For  the  individual  resonators  of  the  grating  would 
be  set  in  vibration  by  the  electric  wave  striking  them,  and  thus 
would  become  themselves  centers  of  spherical  waves  going  out  in  all 
directions.  Now,  since  in  the  experiments  of  Blake  and  Fountain 
the  grating  had  a  larger  area  than  the  concave  mirror,  in  the  focus  of 
which  the  receiver  is  placed,  ''side  waves''  from  the  resonators  on 
the  border  of  the  grating  could  reach  the  receiver  when  the  grating 
was  interposed,  while  the  interposition  of  the  glass  plate  alone  let 
only  direct  waves  reach  the  receiver.  Under  certain  conditions 
these  **  side  waves "  may  become  so  marked,  that  putting  the 
grating  in  the  path  of  the  wave  would  actually  give  an  increase  of 
the  amount  of  energy  reaching  the  receiver.  As  a  matter  of  fact, 
M.  Paetzold  observed  this  very  thing  in  the  case  of  divergent  radia- 
tion without  interposition  of  diaphragms  with  gratings,  whose  area 
was  larger  than  the  mouth  of  the  mirrors  he  used.  This  is  the 
explanation  of  the  results  of  my  repetition  of  the  experiments  of 
Blake  and  Fountain.     As  soon  as  the  diaphragms  are  taken  away, 
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wc  find  an  increase  of  transmittivity,  which  is,  and  ought  to  be, 

under  proper  experimental  conditions,  constant.    The  increase  above 

the  normal  is  still  greater  if  we  intentionally  make  the  paths  of  the 

radiation  divergent. 

I  do  not  yet  say,  that  the  "extra  transmission"  of  Blake  and 

Fountain  is  likewise  due  to  poor  experimental  arrangements.     But 

so  long  as  the  above  objections  to  the  experimental  arrangement  of 

the  authors  are  not  refuted,  there  is  no  reason  for  the  assumption  of 

a  new  phenomenon. 

Breslau,  Physical  Laboratory  of  the  University, 
January,  1907. 
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THE  EFFECT  OF  A  TRANSVERSE  MAGNETIC  FIELD 
ON    METALLIC    RESISTANCE. 

Bv  E.  P.  Adams. 

'"THE  effect  of  a  transverse  magnetic  field  in  changing  the  re- 
^  sistance  of  a  conductor  has  been  investigated  by  many  ob- 
servers ;  Patterson/  and  very  recently  Grunmach  *  have  made  very 
careful  measurements  of  this  effect  in  a  number  of  metals.  Consider- 
ing the  size  of  the  effect,  the  agreement  between  the  results  of  these 
two  observers  is,  on  the  whole,  very  good.  In  all  the  metals  which 
have  been  tried,  with  the  exception  of  the  ferromagnetic  metals,  iron, 
nickel,  and  cobalt,  a  transverse  magnetic  field  is  found  to  produce 
an  increase  in  the  resistance.  Grunmach  found  that  in  the  case  of 
the  ferromagnetic  metals,  weak  magnetic  fields  produced  an  increase 
in  the  resistance.  On  increasing  the  magnetic  force  the  effect 
became  smaller,  until  for  a  certain  value  of  the  magnetic  force  it 
disappeared ;  for  greater  values  the  resistance  was  diminished. 
With  one  specimen  of  iron,  and  with  nickel,  the  effect  appeared  to 
be  a  decrease  of  the  resistance  from  the  start. 

A  theory  of  the  eflfect  of  a  transverse  magnetic  field  in  increasing 
the  resistance  of  conductors  has  been  given  by  J.  J.  Thomson.* 
He  assumes  that  the  electric  current  is  carried  by  free  corpuscles, 
which,  when  no  external  forces  act,  are  in  motion  in  all  directions, 
just  as  the  molecules  of  a  gas  inside  a  closed  vessel.  The  corpus- 
cles are,  in  fact,  assumed  to  behave  just  as  the  molecules  of  a  gas, 
with  this  exception ;  the  collisions  which  take  place  are  not  between 
corpuscles  and  corpuscles,  but  between  corpuscles  and  atoms  of  the 
metal.  When  an  electric  force  is  applied,  a  drift  of  the  corpuscles 
in  one  direction  is  produced,  which  is  the  electric  current.  In  this 
explanation,  in  order  to  get  an  effect  of  the  right  sign,  it  is  neces- 
sary to  assume  that  the  collisions  between  corpuscles  and  atoms 
are  greatly  influenced  by  the  electric  charges  carried  by  the  former. 

'  Philosophical  Magazine,  3,  p.  643,  1 902. 
'Annalen  der  Physik,  22,  p.  141,  1907. 

'Rapports  presentes  au  Congrcs  International  de  Physique,  III.,  p.  138,  1900. 
Philosophical  Magazine,  3,  p.  353,  1902. 
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The  assumption  of  collisions  like  those  between  hard  elastic  spheres 
cannot  therefore  be  made.  This  theory  can  be  made  to  apply  to 
the  ferromagnetic  metals  only  by  assuming  that  in  them  the  col- 
lisions are  of  an  altogether  different  character  from  the  collisions  in 
other  metals.  Lorentz,*  on  the  other  hand,  expressly  assuming 
collisions  uninfluenced  by  the  electric  charges  of  the  corpuscles, 
has  successfully  applied  this  theory  to  the  thermoelectric  properties 
of  metals ;  it  thus  seems  as  if  the  assumption  of  collisions  between 
corpuscles  and  atoms  like  those  between  hard  elastic  spheres  ought 
also  to  explain  the  change  in  resistance  of  conductors  in  a  magnetic 
field. 

In  the  present  paper  it  will  be  shown  that,  keeping  to  the  assump- 
tion of  collisions  of  this  nature  between  corpuscles  and  atoms,  and 
introducing  the  probable  effect  of  the  magnetic  field  in  changing 
the  molecular  configuration  of  the  metal,  it  is  possible  to  explain 
the  sign  of  the  effect  in  the  ordinary  para-  and  diamagnetic  metals, 
and  in  the  ferromagnetic  metals,  as  well.  The  theory  of  the  effect 
as  given  by  J.  J.  Thomson  will  first  be  developed,  and  afterwards 
this  theory  will  be  modified  by  introducing  the  effect  of  the  magnetic 
field  on  the  molecular  configuration  of  the  metal. 

We  assume  that  the  corpuscles  are  all  of  one  kind  and  move 
uniformly  in  all  directions  with  the  velocity  U,  In  the  paper  of 
Lorentz,  referred  to  above,  the  theory  of  electric  and  thermal  con- 
ductivity has  been  given  where  the  distribution  of  velocities  among 
the  corpuscles  is  assumed  to  be  that  given  by  Maxwell's  law  for  the 
distribution  of  velocities  among  the  molecules  of  a  gas.  But  for 
the  present  purpose,  since  we  can  hope  to  get  an  idea  of  the  order 
of  magnitude  only  of  the  effect,  this  complication  is  unnecessary. 

In  a  magnetic  field  the  velocity  of  the  corpuscles  moving  in  a 
plane  perpendicular  to  the  magnetic  force  will  be  altered.  Taking 
the  xy  plane  as  the  plane  of  motion,  the  current  being  in  the  ;r-axis, 
and  the  magnetic  force  in  the  -sr-axis,  the  equations  of  motion  of  a 
single  corpuscle  are : 


(0 

>  Archives  Neerlandaises  des  Sciences  Exactes  et  Naturelles,  10,  p.  336,  1905. 
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m  being  the  mass,  e  the  charge,  and  H  the  intensity  of  the  uniform 
magnetic  field. 


From  this  we  get : 

m^^^Hex 

since  when  jr  =  o, 

dt  =  °- 

As  the  effect  produced  by  the  magnetic  field  is  known  to  be  sma  1 
it  will  be  permissible  to  take  for  x  in  this  equation  the  value  it 
would  have  if  no  magnetic  field  were  applied  ;  /.  e. : 

dt       m  \2m  J 

Substituting  this  in  the  first  of  (i)  : 

m  mr    \2ni  / 


and  hence : 


dx       e  „       //V/i  e 


=  -^/- 


dt      m 


\6m  2       / 


Calling  n  the  mean  velocity  of  the  corpuscle  due  to  the  electric  and 
magnetic  field  between  two  collisions,  and  T  the  time  of  free  path, 
we  get : 

TX    St  2  m  m^    124  m  6         J  ^  ^ 

If  there  are  n  corpuscles  per  unit  volume,  the  current  in  the  direc- 
tion of  the  ;r-axis  will  be : 

/=  nen  =  -      nXT-  \~  \-    -n     XT'  +  nUr  \ .       (3) 
2  m  6    m^    L4    tn  J         ^^^ 

The  last  term  of  (2)  drops  out  because  there  will  be  as  many  cor- 
puscles for  which  U  is  positive  as  negative.  We  cannot,  however, 
say  that  the  second  term  in  the  brackets  in  (2)  drops  out,  since, 
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owing  to  the  factor  Z^  this  will  be  different  for  corpuscles  whose 
initial  velocities  are  in  opposite  directions.  A  corpuscle  for  which 
U  is  negative  will  have  a  greater  value  of  T,  as  a  result  of  the 
electric  force,  than  one  for  which  U  is  positive.  This  term  can  be 
easily  evaluated  if  we  consider  the  collisions  between  corpuscles  and 
atoms  to  be  like  those  between  hard  elastic  spheres.  For  half  of 
the  corpuscles  V  will  be  negative ;  so  this  term  can  be  written  : 

-nUT^--nUT'^=nUTdT, 
2  2 

T  being  the  time  between  collisions  when  no  electric  force  is  ap- 
plied.    If  L  is  the  free  path  of  a  corpuscle  : 


so  that : 


^  2m  2m 


m 
and  the  electric  current  is  given  by  the  expression  : 

/=  --  wxr-h  o — T-nXT"". 

2  m  S    m^  m 

The  first  term  on  the  right  is  the  current  when  no  magnetic  force  is 
applied.  The  effect  of  the  magnetic  force  is  thus  to  increase  the 
current,  or  decrease  the  resistance,  which  is  contrary  to  observed 
facts. 

J.  J.  Thomson,  however,  considers  that  the  collisions  between 
corpuscles  and  atoms  are  strongly  influenced  by  the  electric  charges 
carried  by  the  corpuscles.  Without  going  into  any  calculation  it  is 
easy  to  see  that  if  this  influence  is  suddenly  pronounced,  the  differ- 
ence, JT,  between  the  time  of  the  free  path  in  the  direction  of  the 
current  and  the  opposite  direction,  will  be  very  small ;  hence  the 
second  term  in  the  brackets  of  (3)  may  be  neglected  in  comparison 
with  the  first  term,  and  we  get : 


I  ^    „       I 


e 


/  =  -    -nXT H^~.nXT\ 

2  m  24       ifr 
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This  indicates  an  increase  in  resistance  due  to  the  magnetic  field. 

Now  if  we  suppose  that  a  magnetic  field  produces  a  rearrangement 
of  the  molecules  within  a  metal,  it  seems  very  reasonable  to  assume 
that  the  free  path  of  a  corpuscle  will  be  altered.  Without  saying 
anything  definite  as  to  the  nature  of  this  change,  let  us  assume  that 
a  magnetic  field,  //",  produces  a  change,  8T^  in  the  time  between 
two  collisions  of  a  corpuscle.  57"  will  then,  in  general,  be  some 
function  of  H,     With  no  magnetic  field  the  current  will  be  : 

I  ^ 
I^--nXT.  (4) 

In  a  transverse  magnetic  field  the  current  will  be,  by  (3) : 

where  T  is  changed  to  T'  the  free  time  in  the  magnetic  field.     The 
effect  of  the  magnetic  field  will  therefore  be  : 


i^  r  ^    —n. 
2  m 


^'^^+l^[>£^^'  +  «^^1-    (6) 


As  we  suppose  the  change  in  T  produced  by  the  magnetic  field  to 
be  small,  we  can  put : 

r»=r^- 37^57; 

7"=  r*-  27<J7: 

Then  by  bringing  in  the  assumption  that  the  collisions  between  the 
corpuscles  and  atoms  are  like  those  between  hard  elastic  spheres,  we 
find,  by  the  method  previously  employed : 


2  m  6 


\H^—.\^^n~XT^  +  -n~XrdT\  (7) 
6        frtV     4     m  4    m  J    ^^ 


The  second  term  in  the  brackets  will  be  small  compared  to  the 
first,  and  we  thus  have  : 

I-r  ^--  nx\dT--H^~T^\  (8) 

2  m         L  4       m^       i  ^^ 
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If  R  is  the  resistance  of  the  conductor  with  no  magnetic  field,  and 
R'  the  resistance  in  the  magnetic  field,  we  have : 


/-.-(-■-i,)^ 


or 


R        T      4       tnr  ^^^ 

In  order  that  the  magnetic  field  may  increase  the  resistance,  it  is 

necessary,  first,  that  57"  be  positive ;  this  means  that  a  change  in 

molecular  configuration  arising  from  the  magnetic  field  produces  a 

diminution  in  the  time  between  two  collisions  of  a  corpuscle ;  and, 

hT  I         ^ 

second,  that  -^  be  greater  than  -  H^—^  T^,     As  to  the  first  con- 
I  /^        tft 

dition,  our  lack  of  knowledge  regarding  molecular  structure  makes 
it  difficult  to  decide  whether  it  is  satisfied  or  not.  But  there  seems 
to  be  no  evidence,  at  any  rate,  that  it  is  not  satisfied.  From  the 
second  condition  we  can  determine  the  order  of  magnitude  of  the 
change  in  the  free  time  which  is  necessary  in  order  to  result  in  an  in- 
crease of  resistance  in  a  magnetic  field.  But  it  is  first  necessary  to 
get  an  estimate  of  the  value  of  7*. 

The  change  in  the  free  time  of  a  corpuscle  we  have  supposed 
due  to  a  change  in  the  configuration  of  the  molecules  brought 
about  by  the  magnetic  field.  For  the  ordinary  para-  and  diamag- 
netic  metals,  for  which  the  magnetic  susceptibility  appears  to  be  con- 
stant, independent  of  the  strength  of  the  magnetic  field,  this  change 
in  configuration  must  be  supposed  to  increase  with  the  magnetic 
field.  So  that  if  these  metals  show  an  increase  in  resistance  for 
certain  values  of  the  magnetic,  field  we  would  expect  an  increase 
in  resistance  in  all  magnetic  fields,  however  great.  This  is  the 
result  obtained  by  experiment. 

With  the  ferromagnetic  metals  the  case  is  altogether  different. 
These  metals  show  the  phenomenon  of  magnetic  saturation.  Up  to 
a  certain  limit  we  may  suppose  that  an  increase  in  the  magnetic  force 
produces  an  increased  change  in  the  molecular  configuration.  After 
this  limit  has  been  reached,  on  further  increasing  the  magnetic  force 
no  more  change  in  the  molecular  configuration  is  produced,  and 
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consequently,  no  further  change  in  the  free  time  of  a  corpuscle. 
After  a  certain  limit,  therefore,  the  first  term  on  the  right  of  (9) 
remains  constant,  while  the  second  term  increases  with  //'.  It 
appears  very  probable,  then,  that  for  a  certain  value  of  H  the  second 
term  on  the  right  in  (9)  may  become  equal  to  the  first  term,  and  for 
greater  values  of  H  become  larger  than  the  first  term.  This  would 
therefore  result  in  a  decrease  of  resistance  due  to  the  magnetic  field  ; 
this  is  the  result  obtained  by  Grunmach  experimentally. 

For  large  values  of  the  magnetic  force,  in  the  case  of  iron,  for 
example,  we  can  neglect  the  first  term  on  the  right  in  (9)  in  com- 
parison with  the  second  term,  and  obtain  thus  : 

R  *        m^ 

From  Grunmach's  results,  we  have,  for  iron : 

TT  4        ^^  s        ^  7 

R  m 

and  hence : 

Z  =  ,3  X  IO"^^ 

This  gives  the  order  of  magnitude  of  the  free  time  of  a  corpuscle  in 
iron,  and  it  will  probably  be  not  very  different  in  any  other  metal. 
We  can  now  find  the  order  of  the  magnitude  of  the  change  in  the 
free  time  of  a  corpuscle  which  is  necessary  to  get  an  increase  of 
resistance  in  a  magnetic  field.  For  this,  we  have  found  the  condi- 
tion to  be : 


taking 
we  get : 


e 

//=  Io^     =  lo^  r=  3  X  Io-*^ 


ST 


^  >  2.5  X  Io-^ 


It  does  not  seem  at  all  improbable  that  a  magnetic  field  of  the 
strength  assumed  should  produce  a  change  in  7  of  this  order  of 
magnitude. 
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Having  found  the  order  of  magnitude  of  T^  we  can  easily  calcu- 
late the  number  of  corpuscles  per  unit  volume  which  are  involved 
in  the  electric  current.     We  find,  by  (4) 

I        I    ^    ^ 
R      2   m 

For  iron,  R  is  approximately  10*;  ^=  10 "^  in   electromagnetic 
units.     Therefore : 

w  =  7  X  10". 

Taking  t/=  10^  as  a  probable  value  of  the  velocity  of  the  corpuscles 
inside  a  metal,  we  get  for  the  free  path  : 


Z=  3  X  lo-^ 

The  effect  of  molecular  configuration  on  the  resistance  of  a  con- 
ductor is  well  illustrated  in  the  case  of  a  distinctly  crystalline  metal 
like  bismuth.  In  bismuth  it  is  known  that  the  resistance  is  differ- 
ent in  different  directions ;  this  may  well  be  explained  by  the  dif- 
ferences in  the  free  paths  of  corpuscles  in  different  directions. 
Princeton,  N.  J. 
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A    HYDRAULIC    ANALOGY   OF    RADIATING    BODIES 

FOR   ILLUSTRATING   THE    LUMINOSITY   OF 

THE   WELSBACH    MANTLE. 

By  R.  W.  Wood. 

THE  device  about  to  be  described  enables  us  to  illustrate  to  a 
class  the  behavior  of  different  types  of  radiating  bodies  when 
introduced  into  a  flame,  and  will  be  found  especially  useful  in 
explaining  the  remarkable  luminosity  of  the  incandescent  mantles 
used  in  modem  gas-lighting.  It  is  of  course  not  intended  to  explain 
the  mechanics  of  radiation,  but  merely  to  enable  us  to  describe  cer- 
tain phenomena  in  terms  of  easily  grasped  notions. 

Students  are  told  that  the  more  powerfully  a  body  absorbs,  the 
more  powerfully  will  it  emit  when  heated,  this  relation  holding  for 
every  individual  wave-length.  Black  bodies  then  give  out  the  most 
light  when  heated.  The  fact  that  a  white  block  of  lime  is  far  more 
luminous  than  a  carbon  rod  when  heated  in  the  oxy-hydrogen  flame 
is  not  usually  cited  in  support  of  this  law,  while  the  fact  that  the 
most  luminous  body  of  all,  the  Welsbach  mantle,  is  also  quite  white 
is  equally  unsatisfactory  as  an  illustration,  for  white  bodies  are  in 
reality  transparent,  that  is  they  are  made  up  of  masses  of  small 
transparent  particles,  and  transparent  bodies  ought  not  to  emit  at 
all.  It  is  of  course  necessary  to  define  just  what  we  mean  by  trans- 
parency in  this  case,  and  it  may  be  well  to  consider  first  a  some- 
what analogous  case.  The  absorption  which  is  accompanied  by 
high  emissivity  is  true  absorption,  and  not  selective  reflection, — which 
is  sometimes  confused  with  absorption.  A  highly  reflecting  polished 
metal  surface  is  a  poor  radiator,  but  by  properly  constructing  its 
surface  w5  may  give  it  the  power  to  absorb  and  emit.  A  bundle  of 
polished  steel  needles  with  their  points  all  turned  towards  the  source 
of  light  reflects  scarcely  any  light  at  all,  the  rays  undergoing  multiple 
reflections  between  the  conical  ends  of  the  needles.  Such  a  bundle 
of  needles  should  emit  much  more  powerfully  than  a  polished  steel 
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surface,  and  it  is  easy  to  see  just  why  it  should  do  so.  Each  needle, 
seen  end  on,  sends  not  only  emitted  light  to  the  eye,  but  reflects 
rays  coming  from  its  neighbors.  The  surface  formed  by  the  points 
of  the  needles  can  be  regarded  as  an  absorbing  surface,  which  absorbs 
in  virtue  of  its  structure  :  it  is  analogous  to  the  hollow  *•  black  bodies  " 
with  which  we  are  now  familiar. 

The  point  which  I  wish  to  emphasize  is  that  such  a  surface,  which 
absorbs  not  at  all  in  virtue  of  its  molecular  nature,  is  also  a  power- 
ful radiator,  the  mechanism  by  which  its  radiating  power  has  been 
increased,  being  as  indicated  above.  Suppose  now  we  take  a  per- 
fectly transparent  body,  which  like  a  perfect  reflector  has  no  emit- 
ting power.  A  bead  of  microcosmic  salt  (sodium  pyro -phosphate) 
heated  in  a  blast  lamp  is  a  good  example.  Though  the  plati- 
num wire  which  supports  it  glows  with  vivid  incandescence,  the  bead 
remains  perfectly  dark.  A  glass  bead  however  emits  a  good  deal 
of  light,  doubtless  from  the  fact  that  its  transparency  is  much  less 
at  high  temperatures,  a  very  common  behavior  of  transparent  sub- 
stances. The  microcosmic  salt  on  cooling  becomes  traversed  by 
hundreds  of  cleavage  planes,  which  give  it  a  milky  appearance.  On 
reheating  it  it  emits  light  strongly  until  it  finally  fuses  into  a  trans- 
parent drop,  when  it  instantly  becomes  dark  again.  The  reason  for 
this  behavior  is  not  quite  as  apparent  as  in  the  case  of  the  needles. 
In  fact  I  am  not  quite  sure  that  I  understand  it  at  all.  Quartz  be- 
haves in  the  same  way.  A  drop  of  clear  fused  quartz,  heated  in 
the  blast,  emits  little  or  no  light,  but  if  it  contains  spots  made  up  of 
an  emulsion  of  quartz  and  air,  these  spots  emit  strongly.  In  other 
words  an  opacity  resulting  from  a  pulverization  of  the  transparent 
medium  seems  to  be  accompanied  with  a  strong  emitting  power. 
Apparently  we  cannot  apply  the  same  reasoning  as  in  the  case  of 
the  needles,  and  it  looks  rather  as  if  the  radiation  was  largely  a  sur- 
face effect.  If  this  is  so,  it  is  obvious  that  an  increase  of  the  surface, 
by  enclosures  of  air,  will  increase  the  radiating  power.  It  is  my  in- 
tention to  make  some  measurements  of  the  intensity  of  the  light 
radiated  from  the  ends  of  long  and  short  cylinders  of  red-hot  glass. 

The  hydraulic  analogy  of  radiating  bodies  which  we  will  now 
consider  occurred  to  me  during  a  lecture  on  radiation,  and  proved 
quite  useful  in  explaining  the  different  behavior  of  various  types  of 
radiators. 
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Fig.  1. 


The  radiator  is  represented  by  a  tall  hollow  cylinder,  open  at  the 
top  and  closed  at  the  bottom,  provided  with  a  number  of  outflow 
pipes  of  different  sizes  as  shown  in  Fig.  i.  Water  flows  into  the 
cylinder  at  a  certain  definite  rate  from  a  horizontal  pipe  or  flume, 
the  height  of  which  {T^  above  the  base  of  the 
cylinder  represents"  the  temperature  of  the  flame. 
Obviously  the  level  of  the  water  in  the  cylinder 
will  rise  until  the  rate  at  which  the  water  flows 
out  exactly  equals  the  rate  at  which  it  flows  in. 
This  height  (T^  is  thetemperature  which  the  radi- 
ator acquires  in  the  flame.  The  jets  of  water 
which  issue  from  the  tubes  represent  radiation 
of  different  wave-lengths,  the  small  jets  repre- 
senting the  short  waves.  Their  velocity  corre- 
sponds to  intensity  of  radiation.  We  will  first 
suppose  our  hydraulic  radiator  to  represent  a 
black  body,  say  a  lump  of  carbon.  In  this  case  all  of  the  pipes 
at  the  bottom  are  wide  open  and  we  have  the  maximum  outflow 
of  all  wave-lengths  for  any  given  temperature,  i,  ^.,  for  any  given 
height  of  the  fluid  within  the  cylinder.  (If  we  take  the  cylinder 
empty,  and  plunge  it  into  water,  jets  will  squirt  into  it  through  the 
pipes,  that  is  it  is  a  perfect  absorber  for  all  wave-lengths.)  With 
all  of  the  pipes  open  however  the  level  of  the  water  within  the 
cylinder  will  not  rise  to  any  great  height,  owing  to  the  limited  rate 
at  which  water  flows  in  from  the  horizontal  pipe.  This  means  that 
the  lump  of  carbon  in  the  flame  does  not  rise  to  a  very  high  tem- 
perature because  it  radiates  energy  at  a  high  rate.  At  the  low 
temperature  there  is  comparatively  little  visible  light  in  the  radiation, 
for  the  shorter  waves  only  appear  in  quantity  at  high  temperatures. 
We  can  imitate  this  condition  in  our  hydraulic  model  if  we  choose 
by  putting  valves  on  the  inside  of  the  tubes,  those  on  the  small 
tubes  opening  only  at  high  pressures. 

To  make  our  model  imitate  the  bead  of  microcosmic  salt  we  plug 
up  all  of  the  pipes.  The  cylinder  now  represents  a  transparent  body. 
If  immersed  in  water  it  absorbs  nothing  through  the  pipes,  and  no 
matter  how  high  the  level  of  the  water  rises  in  it  when  water  is 
poured  in  there  is  no  emission  of  fluid,  in  other  words  no  radiation. 
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The  body  rises  in  temperature  until  the  temperature  is  equal  to  that 
of  the  flame,  but  there  is  no  radiation.  Take  next  the  case  of  the 
lime  in  the  oxyhydrogen  flame.  It  is  a  partially  transparent  sub- 
stance, and  we  can  imitate  it  by  plugging  the  tubes  with  glass  beads 
or  cotton.  Owing  to  the  lesser  rate  at  which  the  water  now  flows 
out  through  the  tubes,  the  level  rises  much  higher  than  when  the 
tubes  are  all  open,  and  owing  to  the  greater  pressure  (temperature) 
we  have  liquid  jets  through  the  small  tubes  (short  wave-length 
radiation).  The  inferiority  in  the  emissivity  is  more  than  made  up 
for  by  the  higher  temperature  which  the  body  can  acquire.  We  are 
now  ready  for  the  Welsbach  mantle.  It  has  been  conclusively 
shown  by  Rubens,  that  the  peculiar  brilliancy  of  the  thorium  man- 
tles caused  by  a  small  trace  of  cerium,  is  due  to  the  fact  that  the 
cerium  makes  the  thorium  selectively  absorbing  for  the  short  waves 
at  high  temperatures.  If  we  wave  a  bunsen  flame  over  a  mantle  in 
a  brilliantly  lighted  room,  it  will  be  seen  to  turn  yellow  at  a  tem- 
perature a  little  below  a  red  heat.  In  other  words  it  becomes  a 
strong  absorber  for  the  short  waves.  It  is  however  transparent  for 
the  long  waves,  consequently  it  does  not  emit  energy  at  anything 
like  the  rate  at  which  a  black  body  does,  and  in  consequence  can 
rise  to  a  high  temperature  in  the  flame,  exactly  as  a  pure  thorium 
mantle  does.  Its  band  of  absorption  in  the  blue  region  enables  it 
to  pour  out  visible  radiations  nearly  as  powerfully  as  those  which  a 
black  body  at  the  same  temperature  would  emit,  hence  its  enormous 
brilliancy.  Our  hydraulic  model,  with  all  of  its  tubes  plugged  with 
cotton  represents  the  mantle  of  pure  thoria,  while  to  transform  it 
into  the  Welsbach  mantle  we  have  only  to  pull  out  the  porous 
plugs  from  some  of  the  smaller  tubes.  In  this  condition,  owing  to 
the  impeded  flow  in  the  large  tubes,  the  water  will  rise  in  the  cylin- 
der to  a  great  height,  and  we  get  very  powerful  jets  from  the 
small  tubes  which  we  have  opened,  much  more  powerful  than  in 
either  of  the  previous  cases  considered.  Of  course  with  all  of  the 
tubes  open  we  could  get  equally  intense  small  jets  if  we  poured  the 
water  in  at  the  top  at  a  sufficient  rate.  There  is  a  limit  to  this  rate 
however,  for  it  is  obvious  that  the  rate  at  which  the  water  is  poured 
in  at  the  top,  corresponds  to  the  rate  at  which  the  flame  can  pour 
energy  into  the  radiating  body,  a  circumstance  which  depends  on 
the  conductivity  of  the  body  for  heat  and  other  things. 
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It  is,  of  course,  not  necessary  to  make  the  hydraulic  apparatus, 
for  its  action  is  so  easily  understood  that  a  diagram  answers  every 
purpose.  Its  utility  lies  in  the  fact  that  it  fixes  in  the  mind  of  the 
student  the  behavior  of  different  types  of  radiators,  when  plunged 
into  a  flame. 

It  could  be  made  perhaps  to  illustrate  the  displacement  of  the 
point  of  maximum  energy  in  the  spectrum,  which  accompanies  a 
rise  in  temperature,  but  it  is  doubtful  whether  any  such  complica- 
tions would  prove  beneficial.  It  seems  best  on  the  whole  not  to 
try  to  illustrate  too  much  with  it,  as  its  relation  to  a  radiating  body 
is  at  best  rather  far-fetched. 
Johns  Hopkins  University. 
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ON  THE   ESTABLISHMENT   OF  THE  HIGH   TEMPER- 
ATURE  SCALE.* 

By  C;  W.  Waidner  and  G.  K.  Burgess. 

IN  the  interval  400°  to  1 200°  C.  the  temperature  scale  is  defined 
by  the  freezing  points  of  certain  pure  metals,  and  in  practice 
is  usually  reproduced  with  thermocouples.  This  scale,  which  is 
based  primarily  on  the  gas  thermometer  measurements  of  Holborn 
and  Day,  is  the  same  as  that  used  at  the  Physikalisch-Technische 
Reichsanstalt  and  the  National  Physical  Laboratory. 

Reproducibility  of  Scale.  —  Experiments  undertaken  to  determine 
how  exactly  the  scale  may  be  reproduced  by  the  use  of  metals  from 
various  sources,  sold  as  chemically  pure,  show  that  Sn,  Zn,  Cu,  and 
Au  may  be  obtained  in  this  country  of  sufficient  purity  to  reproduce 
the  above  scale  to  0^.5  or  better.  Sb  showed  differences  of  10°  or 
more,  and  Al  about  3°. 

Optical  Scale,  —  The  scale  has  been  extended  above  1 200°  by 
optical  pyrometers  whose  calibration  is  based  on  the  Wien-Planck 
equation.  The  realization  of  this  scale  necessitated  the  construction 
of  an  experimental  black-body  in  which  the  temperature  distribution 
could  be  exactly  controlled.  The  uniformity  of  temperature  at- 
tained was  about  1°  at  1300°  throughout  two-thirds  of  the  radiating 
enclosure  30  cm.  long. 

The  high  temperature  scale  was  then  fixed  by  the  calibration  of 
five  pyrometer  lamps  in  terms  of  the  radiation  from  this  nearly  ideal 
black -body  whose  temperature  was  measured  with  thermocouples. 
By  the  use  of  calibrated  absorbing  glasses  and  sector  discs  this  scale 
has  been  extended  to  the  highest  attainable  temperatures.  The 
order  of  agreement  of  the  lamps  is  well  within  2°  at  1500°. 

Various  types  of  electrically  heated  radiators  were  studied  to  de- 
termine the  departure  of  their  radiation  from  ideal  black-body  radi- 
ation. 

1  Q)mmaDication  from  the  National  Bureau  of  Standards. 
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Radiation  from  Platinum  and  Palladium,  —  Platinum  is  useful  as  a 
radiating  source  in  many  investigations  at  high  temperatures. 
Further  work  has  been  done  on  the  monochromatic  radiation  from 
Pt  and  also  from  Pd,  both  in  air  and  hydrogen.  The  measurement 
of  the  temperature  of  the  radiating  surface  and  the  changes  which 
the  surface  undergoes  have  added  greatly  to  the  difficulties  of  the 
problem.  Three  independent  methods  of  temperature  measurement 
were  used,  one  based  on  the  indication  of  a  thermocouple  within  a 
platinum  spiral,  another  based  on  the  melting  of  minute  particles  of 
metal  on  the  platinum,  and  a  third  on  the  indications  of  a  thermo- 
couple heated  in  a  colorless  gas  flame  to  the  same  brightness  as  the 
radiating  platinum.  The  results  are  sumarized  in  the  following 
table^  where  t^  is  the  true  temperature  and  s^  the  corresponding 
black-body  temperature  for  red  {X  =  o.66ft)  and  green  {X  =  0.55//), 
as  determined  in  air. 


jO  = 

700° 

800° 

9000 

lOOOP        1X00° 

iaoo°   1  1900P 

(X400O)  1  (1500O) 

(green) /^'-i^^-,        — 

SS** 

72« 

132*>      1S5« 
103«     1210 

(178'')  (2W) 
139«     (155°) 

The  difficulty  of  determining  the  temperature  of  a  radiating  sur- 
face limits  the  accuracy  of  these  results  to  about  10°. 

Platinum  and  palladium  agree  in  their  radiating  properties  to 
within  the  limits  of  precision  attainable  to  1250°. 

Determination  of  Fixed  Points,  —  For  the  temperature  scale  above 
1 200°  C.  it  is  of  great  importance  to  determine  accurately  a  num- 
ber of  fixed  points.  The  melting  points  of  palladium  and  platinum, 
which  are  especially  suitable  for  this  purpose,  have  been  made  the 
subject  of  numerous  researches,  but  are  still  uncertain  by  some  40°. 

Determinations  of  these  constants  were  made  by  observing  with 
an  optical  pyrometer  the  temperatures  of  melting  within  an  iridium 
tube  furnace  heated  with  an  alternating  current.  The  temperatures, 
as  given  in  the  following  table,  are  based  on  the  extrapolation  of 


Wien's  equation,  /=  c^ir^e  ^"^ ,  assuming  c^  =  14500. 
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Melting  Points  of  Pd  and  Pt  in  Iridium  Furnace. 


Metal. 


Wave 
Lenffth. 


Pd 


{ 


Pt-^ 


0.666// 
.666 
.666 

.668 
.668 
.668 
.547 
.462 


Absorption  Coefficient, 


Glasses,  y&  =  200 

>6=      1 

Glasses,  >&  =  200 

Sector  Disc  >&  =  35.4 

Glasses,  y&=199 

Glasses,  >&  =  199 

Sector  Disc  y&  =  35.4 

Sector  Disc  >&  =  35.4 


At  least  three  pyrometer  lamps  were  used  in  each  series.  The 
second  value  found  for  Pd  is  an  independent  extrapolation  of  the 
calibration  equations  of  the  lamps  and  therefore  not  based  on  Wien's 
equation. 

Simultaneous  measurements  were  made  with  thermocouples  of  the 
following  types  :  Pt,  90  Pt-io  Rh  ;  Pt,  90  Pt-io  Ir ;  90  Pt-io  Rh, 
80  Pt-20  Rh  ;  Ir,  90  Ir~io  Ru.  The  results  obtained  differ  by  as 
much  as  40°  at  the  Pt  point  for  the  same  couple  according  to 
the  extrapolation  formulae  used.      The  usual  formulae 


gave,  for  the  10  per  cent.  Rh  and  Ir  couples,  the  following  values 
when  calibrated  at  the  freezing  points  of  the  metals  indicated.    Con- 

Melting  Points  with  Thermocouples. 


Metal. 

Equation  (0).         1                               Equation  {b)» 

Zn,  Sb,  Cu. 

Zn,  Cu. 

Sb,  Cu. 

Palladium. 
Platinum. 

1530<> 
1706 

1544** 
1732 

1542° 
1730 

vincing  evidence  is  at  hand  that  formula  {a)  gives  low  values  of 
temperature  when  extrapolated  beyond  1200°  C. 

The  melting  points  of  Pd  and  Pt  were  also  determined  by  observ- 
ing the  black-body  temperatures  of  ribbons  of  these  metals  at  the 
instant  of  melting. 
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Melting  Points  Based  on  Platinum  Radiation, 


Metal. 

Wave  Length. 

Soby  Wlen*8 
Equation. 

8°  by  Lamp 
Extrapolation. 

Melting  Point. 

r.652/i 

13890 

' 

Pd 

.662 

.547 

^.462 

13860 

1425 

1450 

j 

.1563'^ 

r.666 

1534 

;      ■) 

.666 

1544 

Pt 

.547 

.547 

..462 

1578 

1593 
1627 

1750 

The  melting  point  of  Pd  is  higher  by  this  method  because  the 
assumption  is  made  that  Pd  and  Pt  have  the  same  emissivity.  Ob- 
servations indicate  that  the  values  of  t^s^  increase  less  rapidly  at 
high  temperatures  for  Pd. 

The  present  investigation'  gives  for  the  melting  points  of  palladium 
and  platinum,  1546°  and  1753°,  respectively,  based  on  the  extra- 
polations of  the  Wein-Planck  equation,  in  which  the  constant  c^  is 
taken  as  14500,  and  using  as  the  melting  point  of  gold,  1064°.  If 
^2  were  taken  as  14200,^  these  melting  points  would  become  about 
1555°  and  1760°.  On  account  of  the  more  satisfactory  theoretical 
basis  of  the  Stefan-Boltzmann  law,  which  also  gives  extrapolated 
temperatures  on  the  thermodynamic  scale,  it  is  planned  to  attack 
the  problem  from  this  standpoint. 

Washington,  D.  C, 
February  19,  1907. 

*  A  more  complete  account  of  this  investigation  is  given  in  Bulletin,  Bureau  of  Stand- 
ards, vol.  3,  1907. 

2  Holbom  and  Valentiner,  Ann.  d.  Physik,  aa,  p.  I,  1907. 
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THE  VAPOR  PRESSURE  OF  SOLID   CARBONIC   ACID. 

By  H.  du  Bois.- 

IN  1899  I  published  with  A.  P.  Wills  some  preliminary  measurements 
relative  to  the  thermometric  and  cryogenic  applications  of  solid  car- 
bonic acid.*  The  object  was  to  establish  some  approximate  data  with 
reference  to  practical  applications  of  solid  carbonic  acid  in  the  laboratory, 
and  in  no  wise  to  attempt  an  exact  final  determination  of  the  temperature- 
pressure  function.  On  account  of  the  return  of  Professor  Wills  to  Amer- 
ica, the  proposed  more  accurate  determinations  referred  to  in  the  last 
part  of  the  original  article  were  not  made. 

Recently  there  have  appeared  two  articles  relative  to  this  subject,  one 
by  J.  Zeleny  and  R.  H.  Smith,  and  one  by  J.  and  A.  Zeleny.'  The 
P^-curve  found  lies  about  one  degree  higher  than  ours,  and  this  is  dis- 
placed toward  the  axis  of  pressure ;  instead  of  the  value  5.5  cm.  Hg.  per 
degree  for  dPjdd  at  atmospheric  pressure  found  by  us,  the  first  of  the 
above  mentioned  articles  gives  the  value  6.35,  and  the  fatter  the  value 
5.87,  /.  e,y  I  cm.  Hg.  corresponds  to  a  temperature  change  of  .17°. 

In  accordance  with  the  above  introductory  remarks  it  is  quite  possible 
that  such  a  difference  might  exist ;  also  it  is  well  known  that  the  graph- 
ical determination  of  the  slope  of  a  curve  with  only  a  few  given  points  is 
much  more  uncertain  than  the  inverse  graphical  integration. 

In  a  final  determination  of  the  constants  it  seems  to  me  that  the  em- 
ployment of  pure  carbonic  acid  is  absolutely  necessary,  but  the  physicists 
mentioned  above  used  the  material  as  it  is  to  be  bought,  as  did  likewise 
we  ourselves.  Our  material  was  obtained  through  the  burning  of  coke, 
and  99.5  per  cent,  at  least  was  carbonic  acid  although  there  might  have 
been  traces  of  air,  water  and  grease. 

In  America,  as  I  am  informed  by  reliable  authorities,  liquid  carbonic 
acid  is  very  frequently  obtained  from  brewery  gases  and  is  not  in  general 
so  pure  as  that  obtained  here,  since  it  frequently  unavoidably  contains 
odoriferous  material  and  the  like,  associated  with  the  brewing  process.  It 
is  scarcely  possible  to  judge  without  further  information  whether,  or  in 
how  far,  such  circumstances  are  adequate  to  account  for  the  differences 
referred  to  above. 

Berlin,  November  5,  1906. 

» 11.  du  Bois  und  A.  P.  Wills,  Verb.  D.  Pbys.  Ges.,  I.,  168,  1899. 
*  J.  Zeleny  and  R.  H.  Smitb,  Pbys.  Zcitscbr..  7,  667,  1906  ;  J.  und  A.  Zeleny,  1.  c, 
p.  716;  Phys.  Rev.,  23,  308,  1906. 
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Note  on  the  Hissing  Metallic  Arc* 

By  W.  G.  Cady. 

THE  arc  between  iron  electrodes  in  pure  nitrogen  was  investigated  in 
order  to  determine  whether  the  presence  of  oxygen  plays  the  same 
part  in  causing  the  hissing  stage  of  the  iron  arc  as  is  the  case  with  the 
carbon  arc.  It  was  found  that  the  iron  arc  in  nitrogen  resembles  the 
hissing  rather  than  the  quiet  arc.  No  quiet  state,  properly  speaking, 
could  be  obtained,  as  the  arc  went  out  whenever  the  current  was  decreased 
to  the  point  where  the  positive  electrode  ceased  to  be  vaporized.  This 
suggests  that  the  quiet  state  of  the  metallic  arc  may  be  defined  as  that  in 
which  the  material  of  the  anode  is  not  heated  to  the  boiling  point.  All 
observations  on  the  iron  arc  in  air,  including  rate  of  consumption  of 
electrodes,  temperature  of  oxid  globules  as  determined  by  a  thermo- 
element, and  appearance  of  the  spectrum  of  the  arc  between  iron  and 
copper,  tend  to  confirm  this  view. 

The  Temperature  of  the  Mercury  Arc* 

By  Chas.  T.  Knipp. 

THE  purpose  of  this  investigation  was  to  determine  the  temperature 
of  the  mercury  arc  as  recorded  by  Cu-Pt  thermo-couples.  The 
form  of  the  tube  was  that  used  in  the  Hewitt  lamp.  The  electrodes  were 
replaced  by  mercury  columns  supported  by  atmospheric  pressure.  A 
third  electrode  (mercury  column)  was  inserted  midway  between  the 
terminals  of  the  lamp.  The  tube  was  exhausted  by  a  power  Geryk  pump 
which  was  kept  running  continuously  while  taking  the  observations.  The 
temperature  measurements  were  made  by  inserting  the  couples,  each  pro- 
tected by  a  thin  walled  glass  tube,  up  through  the  mercury  columns  and 
adjusting  them  to  any  desired  height.     The  end  couples  were  placed  2 

'This  paper,  presented  at  the  meeting  pf  March  2,  1907,  is  supplementary  to  one  on 
'The  Hissing  Point  of  the  Metallic  Arc**  read  at  the  meeting  of  the  Ph)rsical  Society, 
in  New  York,  December  29,  1906.     See  Phys.  Rev.,  p.  381,  April,  1907. 

2  Abstract  of  a  paper  presented  at  a  meeting  of  the  Physical  Society  held  December 
27-29,  1906. 
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cm.  above  the  surfaces  of  the  mercury.  It  was  found  that  the  galvanom- 
eter deflections  increased  steadily  as  the  distance  above  the  surface  of  the 
mercury  increased.  The  form  of  the  tube  prevented  making  this  dis- 
tance greater  than  2  cm.  as  it  was  desired  to  keep  the  three  junctions 
on  the  axis  of  the  tube.  The  length  of  the  tube  was  20  cm.,  and  its 
diameter  3.8  cm. 

Adjusting  the  current  to  4  amperes  —  which  value  caused  the  lamp  to 
give  out  approximately  the  same  illumination  as  in  the  commercial  lamp 
—  and  a  potential  difference  of  20.7  volts,  the  temperature  as  recorded 
by  the  junctions  was  147**  C.  at  the  anode,  164**  C.  at  the  cathode,  and 
1 78**  C.  at  the  point  midway  between  the  anode  and  cathode.  In  general, 
for  values  of  current  ranging  from  3  to  9  ampers,  the  cathode  was  found 
to  be  hotter  than  the  anode,  while  the  midway  point  was  hotter  than 
either.  Again,  the  individual  readings  obtained  at  the  cathode  fluctuated 
much  more  than  those  obtained  at  the  anode,  while  there  was  scarcely 
any  variation  from  a  smooth  curve  either  for  increasing  or  decreasing 
currents  at  the  midway  point. 

On  the  Current  Carried  by  Canal  Rays  in  a  Discharge 

TUBE.^ 
By  C.  C.  Perry. 

THE  method  employed  in  this  work  was  that  of  allowing  canal  rays 
to  penetrate  into  an  earthed  Faraday  cylinder,  one  end  of  which 
served  as  kathode  in  the  discharge  tube.  The  rays  were  allowed  to  fall 
on  an  insulated  brass  electrode,  which  was  connected  to  earth  through  a 
D' Arson val  galvanometer.  The  deflections  of  the  galvanometer  could 
then  be  used  as  a  measure  of  that  part  of  the  total  discharge  current 
which  was  carried  into  the  Faraday  cylinder  by  the  canal  rays.  The  gal- 
vanometer circuit  was  so  arranged  by  means  of  suitable  mercury  cup 
switches,  as  to  first  allow  the  "canal  ray  current  "  to  be  measured,  and 
then  the  total  current  carried  by  the  discharge.  The  ratio  of  the  two, 
canal  ray  current  to  total  current,  was  taken  (for  different  gas  pres- 
sures) as  a  measure  of  the  relative  numbers  of  canal  ray  particles  present 
in  discharges  at  these  pressures,  provided  the  discharge  potential  be  kept 
constant. 

Several  such  series  of  measurements  were  made  with  gas  fillings  of  air, 
oxygen  and  hydrogen.  When  these  measurements  are  plotted,  with  the 
ratios  of  canal  ray  current  to  total  current  as  ordi nates,  and  the  gas  press- 
ures as  abscissae,  the  curves  in  every  instance  exhibit  a  maximum  ordin- 
ate for  pressures  which  in  every  case   observed  were  in  excess  of  the 

'Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
March  2,  1907. 
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pressures  at  which  canal  rays  show  their  maximum  fluorescent  effects. 
(•035  to  .04  mm.  of  Hg.).  This  pressure  for  the  maximum  production 
of  canal  rays  as  measured  by  the  galvanometer,  occurs  always  at  pressures 
not  far  removed  from  those  at  which  the  first  kathode  ray  fluorescence 
becomes  visible,  and  appears  to  be  different  for  different  gas  fillings. 

Several  sources  of  error  were  investigated.  Among  these,  the  most 
important  seemed  to  be,  ist,  as  to  whether  phenomena  could  be  attrib- 
uted to  the  diffusion  of  ions  from  in  front  of  the  kathode,  and,  2d,  as 
to  whether  the  phenomenon  of  the  production  of  secondary  rays  (soft 
kathode  rays)  as  described  by  J.  J.  Thomson  *  and  Austin  *  could  account 
for  the  maximum  in  the  curves. 

The  first  of  these  was  shown  to  be  improbable  by  the  introduction  of  a 
sufficient  backe.m.f.  in  the  circuit  from  the  insulated  electrode  to  earth, 
to  preclude  any  diffusion  phenomena.  The  second  was  tested  by  apply- 
ing a  magnetic  field  parallel  to  the  surface  of  the  insulated  electrode,  and 
of  sufficient  strength  to  turn  completely  back  any  secondary  rays  while 
not  strong  enough  to  disturb  the  main  part  of  the  discharge.  In  this 
way  the  observations  of  Thomson  and  Austin  were  confirmed,  the  effect 
observed  was  a  diminution  of  the  current  from  the  electrode  to  earth 
when  the  field  was  on.  This  did  not  however  change  the  general  form 
of  the  curve,  for  if  two  sets  of  readings  were  taken,  at  the  various  gas 
pressures,  one  with  the  field  on  and  one  with  it  off,  the  corrected  curve 
still  showed  a  maximum  slightly  displaced  from  its  former  position. 
These  secondary  rays  appear  to  begin  at  a  perfectly  definite  gas  pressure 
and  hence  a  perfectly  definite  kinetic  energy  for  canal  rays  in  each  gas 
tried,  if  the  discharge  potential  is  kept  constant.  The  magnitude  of  the 
secondary  effect  increases  with  increasing  mean  free  path. 

The  following  conclusions  have  been  deduced:  i**.  Canal  rays  are 
present  in  a  discharge  tube  in  the  greatest  numbers  at  gas  pressures  so  great 
that  they  do  not  acquire  energy  enough  to  be  detected  by  fluorescence 
effects. 

2^,  The  velocity  at  which  this  maximum  occurs,  appears  to  be  con- 
nected in  some  way  with  the  beginning  of  kathode  rays  in  the  discharge, 
and  also  to  vary  with  the  gas  filling. 

Further  work  is  in  progress  to  test  if  possible,  the  increase  of  kathode 
rays  as  the  canal  rays  disappear,  and  also  to  measure  the  velocity  of  the 
canal  rays  at  their  point  of  maximum  number. 

Physical   Laboratory,    Sheffield  Scientific   School, 
Yale  University,  February  18,  1907. 

»J.  J.  Thomson,  Proc.  Camb.  Phil.  Soc,  Vol.  13,  part  4,  p.  212,  1906. 
'Austin,  Phys.  Rev.,  Vol.  22,  pp.  312-319,  1906. 
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ON  THE   MAGNETIC   PROPERTIES   OF   HEUSLER'S 

ALLOYS. 

By  J.  C.  McLennan. 

SINCE  the  discovery  by  Heusler  some  three  years  ago  that  it 
was  possible  to  prepare  alloys  of  copper,  manganese,  and  alu- 
minium which  possessed  magnetic  properties  similar  to  and  com- 
parable in  amount  with  those  of  cast  iron,  considerable  attention 
has  been  paid  by  a  number  of  investigators  *  to  this  interesting  phe- 
nomenon. 

Among  others  Mr.  H.  F.  Dawes,  M.A.,  and  Miss  L.  B.  Johnson, 
M.A.,  demonstrators  in  the  Physical  Laboratory  at  Toronto,  and 
Messrs.  H.  A.  McTaggart  and  J.  K.  Robertson,  senior  students  in 
the  same  laboratory  have  from  time  to  time  during  the  past  year, 
as  opportunity  offered,  studied  the  properties  of  some  of  these  al- 
loys which  they  prepared,  and  the  following  paper  contains  a  few 
notes  on  the  results  of  their  work,  which  is  still  being  continued 
by  two  of  them. 

In  order  to  prepare  samples  of  the  alloys  a  supply  of  manganese, 
copper,  and  aluminium,  sold  as  chemically  pure  and  free  from  iron 
was  obtained  from  Messrs.  Eimer  and  Amend  of  New  York.     The 

'Fr.  Heuiler,  W.  Starck  and  E.  Haupt,  Verb,  der  Phys.  Ges.,  5,  p.  219,  1903. 
Heusler,  Starck  and  Haupt  iiber  der  ferroroagnetischeD  Aigenscbaften  von  Legierung 
unmagnetischer  Metalle,  Marburg,  1904.  Gumlick,  Ann  der  Physik,  16,  p.  535,  1905. 
Austin,  Verb,  der  Deut.  Pbys.  Gesell^  6,  p.  211,  1904.  Fleming  and  HadHeld,  Proc. 
Roy.  Soc,  76,  p.  271,  1905.  E.  Take,  Veib.  der  Deut.  Phys.  Gesell.,  7,  p.  133,  1905, 
Ann.  der  Pbysik,  Vierte  Folge,  Band  20,  p.  249.  Hill,  Phys.  Rev.,  21,  p.  335, 
1905 ;  23,  p.  498,  1906.  Guthe  and  Austin,  Bulletin  of  tbe  Bureau  of  Standards, 
Washington,  Vol.  a.  No.  2,  page  297,  Aug..  1906. 
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metals  were  melted  in  an  ordinary  coke  furnace,  such  as  is  used  in 
brass  foundries,  and  poured  into  moulds  just  as  in  making  brass 
castings.  A  graphite  crucible  was  used  for  the  purpose,  and  in  the 
process  the  copper  was  first  heated  until  it  reached  a  molten  state, 
after  which  the  manganese  was  added  to  it.  When  this  in  turn  was 
melted  the  aluminium  was  added,  and  the  molten  mass  then  stirred 
for  a  short  time  with  a  porcelain  rod,  after  which  the  crucible  was 
taken  from  the  furnace  and  the  melted  metal  poured  into  the  moulds. 

For  a  preliminary  set  of  the  alloys  four  castings  were  made.  As 
Heusler  had  found  that  the  most  highly  magnetic  alloy  contained 
manganese  and  aluminium  in  the  proportion  of  their  atomic  weights, 
one  casting  was  made  with  as  nearly  as  possible  this  proportion  of 
the  two  metals.  A  second  was  made  with  a  larger  proportion  of 
aluminium  and  two  others  with  smaller  proportions  of  this 
constituent. 

The  percentages  of  the  metals  used  in  each  of  the  four  castings 
and  the  proportions  of  aluminium  to  manganese  by  weight  and  by 
atomic  ratios  are  shown  in  Table  I. 


Table  I. 


Number  of 
Alloy. 

Composition  of  Alloys  — Percentages. 

Ratio  of 
Manganese  to 
Aluminium 
by  Weight. 

Atomic  Ratio 

of 

Aluminium 

to  Manganese. 

Aluminium. 

Copper. 

I. 

II. 

III. 

IV. 

8.0 

9.7 

14.3 

15.9 

32.1 
25.6 
28.6 
23.9 

59.8 
64.6 
57.1 
60.3 

.250 
.378 
.498 
.683 

.51 

.77 

1.01 

1.392 

In  each  casting  sufficient  material  was  used  to  make  two  cylin- 
drical rods  about  20  cm.  long,  and  8  mm.  in  diameter,  as  well  as 
two  rings  about  7  cm.  in  diameter,  and  2.5  cm.  in  height  It  was 
thought  desirable  to  make  the  castings  in  the  form  of  rings  as  well 
as  rods,  in  order  to  investigate  more  fully  the  permeability  of  each 
specimen. 

In  the  whole  of  the  operation  the  greatest  care  was  taken  to  keep 
the  alloy  free  from  iron  in  order  that  there  might  be  none  of  this 
metal  present  to  vitiate  the  results  or  to  cast  doubt  upon  their 
validity. 
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The  investigations  described  below  include  one  by  Mr.  Dawes  on 
the  phenomenon  of  magnetostriction  exhibited  by  one  set  of  the 
rods,  one  by  Messrs.  McTaggart  and  Robertson  on  the  same  phe- 
nomenon with  the  second  set  of  rods,  and  one  by  Miss  Johnson  on 
the  permeability  of  the  alloys  cast  in  the  form  of  rings. 

A.    Magnetostriction.     (Experiments  by  Mr.  Dawes.) 

I.  Apparatus, — The  apparatus  used  in  measuring  the  elon- 
gation was,  with  some  changes,  modelled  after  that  used  by 
Rhoads^  in  his  investigations  on  magnetostriction  in  iron.  The 
apparatus  is  shown  in  section  in  the  accompanying  diagram.  Fig.  i. 
A  long  hollow  solenoid  L  produced  the  magnetic  field  in  which 
the  rod  to  be  tested  was  placed.  The 
lower  end  of  the  rod  F  was  screwed 
into  the  fixed  brass  stand  //",  and  the  -♦  • 
upper  end  carried  a  brass  rod  E.  A 
cylindrical  water  jacket  K  placed 
between  the  coil  and  the  rod  served 
to  keep  the  latter  at  a  constant  tem- 
perature. The  change  of  length  of 
the  rod  was  magnified  by  means  of 
an  optical  lever.  A  brass  block  D 
carrying  a  brass  pivot  indicated  by 
the  inverted  arrow  \yas  clamped  to 
the  rod  E^  and  so  moved  up  or 
down  as  the  rod  F  was  elongated  or 
shortened.  A  brass  tube  G  which 
was  attached  to  H  at  the  base  of 
F  supported  a  horizontal  projection 
A,  A  carried  two  brass  pivots  indicated  by  the  second  arrow. 
A  lever  B  rested  horizontally  between  these  sets  of  pivots  as 
indicated.  At  C  a  mirror  was  mounted  so  that  it  could  rotate 
about  an  axis  perpendicular  to  the  plane  of  the  paper  and  attached 
to  A,  This  mirror  was  supported  in  a  vertical  plane  by  an  attach- 
ment resting  on  the  end  of  B,  The  brass  points  rested  on  agate  beds 
and  the  axis  was  jewelled.  The  image  of  a  scale  as  seen  in  C  was 
»Rhoads,  Phys.  Rev.,  Vol.  VII.,  No.  2,  p.  65,  1898. 


Fig.   1. 


452  J.  C,  McLENNAN,  [Vol.  XXIV. 

observed  by  means  of  a  telescope.  In  order  to  trace  the  method 
by  which  the  change  of  length  was  measured,  suppose  that  the  rod 
was  slightly  elongated  relative  to  the  tube  G,  The  brass  point 
carried  by  D,  would  then  move  upwards,  and  in  consequence  the 
C-end  of  the  lever  B  would  be  allowed  to  drop.  This  would 
cause  the  mirror  to  be  tilted  backwards,  and  hence  cause  a  change 
in  the  scale  reading  as  observed  by  the  telescope.  It  will  be  seen 
that  if  the  change  of  length  was  very  small,  it  would  be  propor- 
tional to  the  change  of  scale  reading,  and  the  proportionality  factor 
could  be  found  by  measuring  the  ratio  of  the  arms  of  the  lever,  the 
distance  between  the  axis  of  rotation  of  the  mirror  and  its  point  of 
support,  and  the  distance  of  the  scale  from  the  mirror. 

In  the  present  experiment  a  modification  was  made  in  the  ap- 
paratus as  used  by  Rhoads.  Formerly  a  plane  mirror  was  used  at 
C  and  the  scale  was  placed  at  a  distance  of  about  4  meters  from  it. 
This  mirror  was  replaced  in  these  experiments  by  a  concave  mirror 
of  one  meter  radius  of  curvature,  and  the  scale  was  placed  at  a  dis- 
tance from  it  of  one  half  meter,  the  focal  length  of  the  mirror.  By 
this  means  the  image  of  the  scale  was  magnified  sixteen  times  its 
former  size  and  the  sensibility,  i.  e,,  the  change  of  reading  for  a  given 
change  of  length  was  double  that  obtained  with  the  plane  mirror. 
A  glass  scale  was  used  in  the  telescope  instead  of  a  cross  hair,  and 
the  number  of  divisions  on  this  scale  over  which  a  line  of  the  image 
moved  was  taken  as  the  reading.  The  sensibility  of  the  arrange- 
ment was  such  that  a  change  of  reading  of  one  division  resulted 
from  a  change  in  length  of  the  specimen  of  io~*  mm. 

II.  Measurements.  —  In  making  measurements  the  change  of 
scale  reading  was  found  for  a  series  of  applied  fields  ranging  from  about 
30  to  about  900  C.G.S.  units.  The  strength  of  the  applied  field 
was  calculated  from  the  value  of  the  current,  and  the  known  dimen- 
sions of  the  coil  and  the  change  of  length  per  centimeter  was  de- 
duced from  the  scale  readings.  For  each  series  of  readings  curves 
were  plotted,  the  strengths  of  field,  H,  being  taken  as  abscissae,  and 
the  changes  per  unit  length  multiplied  by  10^  as  ordinates. 

In  the  first  few  series  of  measurements,  the  readings  were  taken 
by  applying  each  field  for  an  instant  and  then  withdrawing  it. 

By  this  procedure,  an  average  result  was  obtained  for  the  effect 
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investigated,  but  the  method  was  not  suitable  for  bringing  out  any 
hysteresis  effect  which  might  be  present.  It  was  therefore  dis- 
carded, and  the  method  of  increasing  the  field  step  by  step  and 
then  reducing  it  in  the  same  way  was  adopted. 

It  was  found  that  a  cycle  of  readings  could  be  taken  in  this  way 
in  about  two  minutes. 

When  the  current  was  kept  passing  through  the  coil  it  might  be 
expected  that  the  heating  would  effect  the  change  of  length.  In  order 
to  test  for  errors  from  this  cause,  a  brass  rod  •  was  inserted  in  the 
apparatus  in  place  of  one  of  the  specimens  investigated,  and  a  cycle 
of  fields  similar  to  that  used  in  working  with  the  alloys  applied  to 
it.  As  brass  is  non-magnetic  and  consequently  does  not  exhibit 
the  phenomenon  of  magnetostriction,  the  development  of  heat  by 
the  current  and  its  diffusion  into  the  walls  of  the  water  jacket  would 
be  followed  by  the  elongation  of  G,  Fig.  i,  which  would  produce 
an  apparent  shortening  of  D,  This  test  showed  that  during  the  time 
of  a  cycle  of  observations  no  error  from  heating  was  introduced. 

Elongation  curves  for  each  of  the  four  specimens  are  shown  in 
Figs.  2-S,  the  corresponding  sets  of  values  being  given  in  Table 
II.  Curves  i  and  3  A  were  taken  by  the  first  method,  the  others 
by  the  method  of  cycles. 

Table  II. 


Alloy  No,  I, 


H 

-  •  .0, 

H 

33 

0 

220 

50 

0 

900 

130 

.1 

dl 

I 


XOT 


.3 
.5 


Alloy  No.  2. 


33 

0 

495 

95 

.15 

375 

225 

.25 

335 

335 

.25 

286 

375 

.25 

225 

491 

-.25 
-.5 

95 

945 

-.25 

-  .5 

-  .75 
-1.0 
-1.0 
-1.25 
-1.5 
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Alloy  No,  J 

Curve  A, 

22 

.25 

315  . 

3.8 

44 

.5 

352 

4 

67 

.6 

385 

4.2 

90 

.8 

435 

4.5 

124 

1.0 

456 

5.5 

192 

2.0 

980 

9 

255 

2.3 

276 

2.5 

Alloy  No.  J.     Curve  B. 


33 

.5 

470 

32 

56 

1.4 

385 

31 

79 

4.4 

351 

30.4 

100 

8 

310 

30 

143 

15 

260 

29 

215 

20 

215 

27.5 

260 

23.2 

143 

22.8 

310 

26 

100 

19 

351 

27 

79 

14 

385 

27.4 

56 

.9.5 

470 

27.5 

33 

5.8 

910 

33 

0 

3 

33 
56 
85 
110 
143 
220 
275 
320 
385 
475 


Alloy  No.  4 

Curve  A. 

.5 

912 

3.2 

1 

475 

3 

1.5 

375 

3 

2 

357 

2.5 

2.4 

320 

2.3 

2.5 

275 

1.5 

2.5 

221 

1 

2.5 

143 

.5 

2.5 

110 

0 

2.6 

85 

-2.5 

Alloy  No,  4 

Curve  B, 

33 

2 

490 

11.5 

56 

5.5 

400 

11.5 

90 

7.25 

332 

11.5 

111 

8.5 

221 

11 

170 

9.5 

170 

11 

221 

11 

110 

11 

332 

11.5 

90 

10.5 

480 

11.5 

56 

10 

940 

23 

33 

16 

0 

3 
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III.  Discussion.  —  A  careful  examination  of  these  and  the  other 
curves  found  in  the  series  of  measurements  showed  that  three  fac- 
tors entered  into  the  change  of  length  of  the  bar. 

1.  When  a  change  was  made  in  the  field  to  which  the  bar  was 
subjected  an  almost  instantaneous  change  was  made  in  the  length. 
This  change  consisted  in  a  lengthening  as  the  field  was  increased, 
and  a  shortening  as  it  was  decreased. 

2.  As  the  field  was  decreased  there  was  a  certain  lag  or  hystere- 
sis effect  so  that  the  length  did  not  have  the  same  value  for  a  given 
field  as  the  field  was  approached  from  above  or  below. 

3.  In  some  cases  when  the  specimen  was  left  in  a  field  for  some 
time  there  was  a  continuous  shortening.  This  effect  when  it  exis- 
ted was  very  marked  in  strong  fields  so  that  the  time  for  which  the 
specimen  was  left  in  these  fields  had  a  comparatively  great  influence 
on  the  length.  This  effect  was  also  observed  by  Austin  in  some 
experiments  made  by  him  with  these  alloys.  It  does  not  appear, 
however,  to  have  been  found  by  him  in  some  measurements  he  has 
recently  made,  in  collaboration  with  Guthe,  with  other  samples  of 
the  alloys. 

The  form  of  the  curve  arising  from  a  cycle  of  readings  on  a  given 
specimen  would  depend,  therefore,  on  the  relative  importance  of 


these  three  factors.  In  the  early  stages  of  an  increasing  field  there 
would  be  no  effect  from  (2)  and  that  from  (3)  would  be  small  so 
that  the  initial  portions  of  the  elongation  curve  would  correspond  to 
the  change  of  length  arising  from  the  first  source.  In  each  of  the 
curves  shown,  this  part  of  the  curve  exhibits  the  same  character. 
The  curve  rises  slowly  in  the  very  weak  fields  and  then  in  fields 
extending  from  about  50  to  200  units  quite  rapidly.  In  still  higher 
fields  the  rise  becomes  smaller  and  tends  to  a  maximum  value. 
In  the  case  of  alloy  No.  2,  Fig.  3,  it  will  be  seen  that  while  the 
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actual  changes  were  small  compared  with  those  in  alloys  No.  3  and 
No.  4,  the  third  factor  was  of  more  importance  than  the  first,  with 


»00       eOO       300      400       600      «00       W       aOO       MO       If. 

Fig.  3. 

the  result  that  in  the  higher  fields  the  bar  diminished  a  little  below 
its  original  length.  This  was  also  observed  in  the  case  of  alloyJNo. 
I,  although  it  is  not  shown  in  the  curve  as  the  experimenter  failed  to 
keep  a  record  of  his  measurements. 

In  curves  3,  B  and  4,  B,  Figs.  4  and  5,  this  cause  of  change  of 
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Fig.  4. 


length  was  not  sufficiently  great  to  make  the  return  half  of  the  curve 
cut  the  forward  half,  i,  e,,  to  overcome  the  hysteresis  effect.  But  if 
the  strong  fields  had  been  left  on  a  little  longer  this  would  probably 


flOD         H 


have  been  the  case  and  there  would  have  been  a  final  resultant  con- 
traction.    An  example  of  this  effect  is  shown  in  4,  A^  Fig.  5,  where 
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the  return  portion  of  the  curve  crosses  the  forward  initial  portion 
and  consequently  masks  the  presence  of  the  hysteresis  effect  shown 
in  4,  B, 

In  Figs  4  and  5,  curves  A  represent  the  elongation  obtained  with 
two  of  the  alloys  when  magnetized  for  the  first  time,  and  curves  £, 
in  the  same  figures  represent  the  elongations  obtained  with  the  same 
rods  after  they  had  been  magnetized  and  demagnetized  several  times, 
and  then  allowed  to  lie  undisturbed  for  about  thirty  hours. 

This  increase  in  the  elongation  has  not  hitherto  been  observed, 
and  it  may  possibly  be  connected  with  the  increase  of  permeability 
observed  by  Starck  and  Haupt,^  Gumlich,*  Hill 'and  others  with 
these  alloys  when  they  were  heated  for  some  time  to  a  moder- 
ate temperature,  such  as  a  110°  C.  after  being  cast.  It  may  pos- 
sibly, too,  point  to  changes  in  the  constitution  of  the  alloy  analo- 
gous to  those  marking  the  recovery  of  iron  from  overstrain  observed 
by  Muir,*  on  heating  strained  iron  bars  for  short  periods  in  boiling 
water. 

Considering  the  curves  as  a  whole  it  will  be  seen  that  the  elonga- 
tion increased  with  the  percentage  of  aluminium,  present  in  the  alloy, 
the  maximum  elongation,  curve  -ff.  Fig.  4  being  obtained  with  the 
alloy  in  which  the  manganese  and  aluminium  were  present  in  the 
proportions  of  their  atomic  weights. 

The  maximum  elongation  in  this  case,  it  will  be  seen,  was  16  ten- 
millionths  or. about  one  third  the  maximum  for  iron. 

The  effect  of  higher  percentages  of  aluminium  is  shown  in  Fig.  5, 
curve  B,  where  the  maximum  elongation  was  11.75  ten-million ths. 

Chemical  analyses  of  the  alloys  have  not  as  yet  been  made,  but 
if  the  constituents  of  the  different  samples  of  the  alloys  can  be  taken 
to  have  the  same  relative  proportion  as  the  metals  from  which  they 
were  cast,  these  results  would  go  to  show  that  the  maximum  elonga- 
tion was  obtained  with  alloys  containing  the  same  proportions  of 
manganese  and  aluminium  as  were  found  by  Heusler  to  give  the 
highest  permeability. 

'  DeuUch.  Phys.  Gesell.  Verb.,  5,  12,  pp.  224-232,  June,  1903. 

«  Elcctrotcch.  Zeit.,  XXVI.,  9,  Mar.,  1905. 

•Hill,  Phys.  Rev.,  Vol.  XXIII.,  No.  6,  p.  498,  1906. 

*Phil.  Trans.  Roy.  Soc,  London,  Vol.  193,  pp.  1-46,  Series  A. 
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B.  Magnetostriction.  (Experiments  by  Messrs.  H.  A. 
McTaggart  and  J.  K.  Robertson.) 
In  the  experiments  made  with  the  first  set  of  rods  a  very  marked 
difference  was  observed  in  the  elongations  obtained  with  alloys  Nos. 
3  and  4,  when  magnetized  for  the  first  time,  from  what  was  obtained 
with  them  after  they  had  been  magnetized  and  demagnetized  several 
times.  This  result  pointed  to  the  existence  of  an  unstable  equili- 
brium among  the  molecules  of  newly  cast  specimens  of  the  alloys, 
and  it  forms  a  corroboration  of  the  opinions  of  other  experimenters 
who  have  arrived  at  the  same  conclusions  from  their  observations 
on  the  changes  in  permeability  of  the  alloys  produced  by  variations 

in  temperature. 

Table  III. 

Alloy  No.  3. 


Alloy  No.  J. 


H 

-.. 

H 

dl       , 

-^.XOT 

235 

0.8 

300J 

-0.8 

370 

1.7 

218 

-1.7 

531 

2.5 

155 

-2.5 

675 

2.5 

0 

-3.3 

440 

0 

55 

1.6 

96 

3.3 

130 

4.2 

198 

6.6 

255 

8.3 

272 

9.2 

376 

10.8 

474 

12.5 

580 
376 
255 
202 
155 
118 
75 
0 


13.3 

12.5 

10.8 

10 

8.3 

6.6 

4.2 

-1.6 


Alloy  No  4. 

32 

4.2 

1      255 

15.8 

62 

8.3 

180 

15 

96 

10.8 

125 

14.2 

145 

12.5 

1       ^ 

12.5 

202 

14.2 

i     55 

10 

250 

15 

40 

8.3 

355 

15.8 

10 

4.2 

474 

16.7 

0 

0 

595 

17.1 
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It  seemed  desirable  to  investigate  this  point  more  closely,  and 
therefore  a  set  of  measurements  was  made  by  the  above  mentioned 
senior  students  on  the  elongations  of  the  second  set  of  rods  cast  at 
the  same  time  as  those  used  by  Mr.  Dawes.  Before  proceeding 
with  this  however,  a  set  of  readings  was  taken  with  the  rods  used  by 
the  latter  to  see  whether  any  change  had  taken  place  in  them  in  the 
six  months  interval  during  which  they  had  been  laid  aside.  The 
results  of  their  measurements  are  given  in  Table  III.  and  represented 
graphically  by  the  curves  in  Figs.  6-8. 

With  alloy  No.  i  no  elongation  whatever  could  be  observed  by 
them.     With  alloy  No.  2, 
Fig.  6,  the  general  form  of    1r% 
the  curve  they  obtained  is 
similar  to  that  given  in  Fig.         ^ 
3,  by  Mr.  Dawes,  although         ^ 
the    maximum    elongation 
they  obtained  in  increasing 
fields  and  the  maximum  shortening  in  decreasing  fields  was  greater 
than  that  observed  by  him  with  this  specimen. 

Their  results  with  alloy  No.  3,  Fig.  7  show  the  presence  of  the 
three  effects  pointed  out  in  the  first  set  of  measurements,  the 
hysteresis  and  the  shortening  being  clearly  marked.     The  maximum 
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Fig.  6. 


elongation  obtained  by  them  with  this  specimen  corresponded  to  a 
field  of  600  units  and  is  slightly  less  than  that  obtained  in  the  first 
tests  for  the  same  field. 

With  alloy  No.  4,  Fig.  8,  the  elongation  was  about  50  per  cent, 
greater  than  that  shown  in  Fig.  5.     In  both  curves  there  exists  a 
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well  marked  lag,  but  in  the  later  measurements,  the  rod  returned  to 
its  original  length  whereas  in  the  earlier  ones  it  showed  an  elonga- 
tion when  the  field  was  removed. 

It  is  evident  from  these  measurements  that  considerable  modifica- 
tions must  have  taken  place  in  the  structure  of  the  alloy  in  the 
interval  which  elapsed  between  the  two  tests,  and  that  the  lapse  of 
time  is  a  factor  as  well  as  changes  in  temperature  and  magnetization 
in  producing  alterations  in  the  molecular  groupings  in  the  alloy. 

Table  IV. 


Alloy  No,  sAy 


H 

f- 

H 

-... 

0 

3.3 

445 

2.9 

174 

3.3 

330 

2.9 

425 

3.75 

284 

2.5 

745 

4.1 

180 

1.7 

670 

3.75 

104 

0.8 

635 

3.3 

Alloy  A^o,  sA^. 


118 
280 
705 
425 
155 
0 


0.8 
1.7 
2.1 
1.7 
0.8 
0 


Alloy  No.  J  A  I. 
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Table  IV. — Continued. 

Alloy  No.  j^,. 


50 

2.5 

705 

20.8 

75 

4.2 

880 

22.5 

104 

6.7 

635 

20.8 

125 

8.3 

405 

19.2 

155 

10 

270 

16.7 

185 

12.5 

175 

12.5 

238 

14.2 

104 

8.3 

320 

16.7 

60 

4.2 

398 

18.3 

0 

0 

495 

19.2 

' 

Alloy  . 

No,  jBy 

53 

1.7 

740 

23.3 

80 

4.2 

592 

22.5 

110 

5.8 

425 

20.8 

138 

8.3 

370 

20 

192 

12.5 

326 

19.2 

225 

14.2 

284 

17.5 

277 

16.7 

!      255 

16.7 

348 

18.3 

208 

15 

372 

19.2 

174 

12.5 

458 

20.8 

118 

8.3 

565 

21.7 

68 

4.2 

610 

22.5 

1        0 

1.7 

Alloy  1 

N0.3B,. 

55 

1.7 

545 

21.7 

85 

4.2 

390 

20.8 

134 

8.3 

348 

20 

187 

12.5       ;      327 

18.3 

275 

16.7            255 

16.7 

390 

19.2            187 

12.5 

480 

20.8            125 

8.3 

665 

22.5             68 

4.2 

760 

23.3       1        0 

Alloy  No.  4A^. 

0 

112 

3.3 

565 

7.5 

208 

4.2 

452 

7.5 

270 

5 

;      320 

7.5 

362 

5.8 

215 

7.5 

390 

6.7       1      103 

6.7 

478 

6.7       1        0 

5 

705 

7.5 
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Table  IV. — Continued, 

Alloy  No.  4A^, 


50 

1.7 

362 

2.9 

110 

2.5 

255 

2.5 

362 

3.3 

118 

2.5 

552 

3.4 

70 

2.1 

610 

3.4 

1       42 

1.25 

590 

2.9 

0 

0 

The  measurements  made  with  the  duplicate  set  of  rods  are  given 
in  Table  IV.,  and  curves  representing  them  are  given  in  Figs.  9,  10, 
II,  12,  13,  and  14.  For  convenience  in  description  the  rods  used 
in  this  investigation  are  designated  as  No.  i,  A^  No.  2,  A^  No.  3,  A^ 
and  No.  4,  A^  and  where  subscript  figures  are  used,  for  example  in 
No.  3,  ^j,  and  in  No.  3,  A^  they  represent  the  first  and  second  tests 
respectively  made  \vith  the  specimen.  Alloy  No.  3,  5  is  a  rod  of 
another  casting  made  over  a  year  ago  from  the  same  metals  and 
with  the  same  proportions  as  the  pair  No.  3  and  No.  3,  -^. 

With  No.  I,  -4  no  elongation  was  observed  which  accorded  ex- 
actly with  the  behavior  of  the  twin  rod  No.  i. 

With  No.  2,  A^  Fig.  9,  the  results  obtained  were  very  similar  to 
those  obtained  with  rod  No.  2.  Curve  No.  2,  A^  represents  the 
elongations  obtained  with  the  first  magnetization.     As  the  field  was 


gradually  increased  to  750  units  the  rod  steadily  lengthened,  and 
as  the  field  was  decreased  the  rod  shortened,  and  finally  when  the 
field  was  removed  entirely  it  remained  slightly  shorter  than  its 
original  length.  It  was  then  repeatedly  magnetized  and  demag- 
netized and  afterwards  put  through  the  usual  cycle  of  fields.  The 
curve  No.  2,  A^  represents  its  behavior  after  this  treatment.     The 
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rod  as  will  be  seen  had  assumed  a  steady  state,  and  the  upward 
and  downward  curves  coincided  exactly.  No  hysteresis  action  or 
shortening  under  high  fields  was  observed. 

With  alloy  No.  3,  A  the  measurements  made  with  the  first  mag- 
netization are  given  in  Fig.  10.     Here  it  will  be  seen  a  lag  was 


Fig.  10. 

obtained  in  the  return  portion  of  the  cycle,  the  rod  ending  with  a 
slightly  greater  length  than  it  had  originally. 

Curve  No.  3,  A^,  Fig.  11,  shows  its  behavior  after  being  repeat- 
edly magnetized.     Here  again  a  lag  was  observed  in  the  return 


portion  of  the  cycle,  but  the  shortening  referred  to  under  heading 
No.  3  page  455  had  entirely  disappeared,  so  that  the  initial  and 
final  lengths  of  the  rod  were  the  same. 

The  first  and  second  tests  with  alloy  No.  3,  B  are  shown  in  Figs. 
12  and  13.     Here  again  it  will  be  seen,  precisely  the  same  behavior 
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was  obtained  as  with  No.  3^  A.  As  with  the  latter  a  lag  was  again 
observed  in  the  return  portion  of  the  cycle  and  a  final  lengthening 
of  the  specimen  occurred.     In  the  second  tests,  Fig  13,  made  after 


tOQ        ZOO        3D0        AOO         400 

Fig.  12. 

repeated  magnetizations,  this  change  of  length  disappeared,  and  the 
rod  after  being  put  through  its  cycle  returned  to  its  original  length. 
With  alloy  No.  4,  A,  the  behavior  was  exactly  the  opposite  of 
that  obtained  with  No.  2,  A.  In  the  initial  test.  No.  4,  A^,  Fig.  14, 
the  rod  steadily  lengthened  as  the  field  was  increased  to  700  units 


lO         200        300        4CO  S4>0 

Fig.  13. 

and  afterwards  as  the  field  was  decreased  a  lag  occurred  and  the 
rod  ended  somewhat  longer  than  it  was  at  the  commencement  of 
the  cycle.  After  it  had  been  repeatedly  magnetized  and  demag- 
netized it  was  again  put  through  a  cycle,  and  curve  No.  4,  A^  was 
obtained.  Here  again  the  values  in  the  downward  portion  of  the 
cycle  coincided  exactly  with  those  obtained  in  the  forward  portion 
and  no  lag  and  no  shortening  was  observed. 
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In  the  measurements  with  these  rods,  the  greatest  elongation 
was  obtained  with  samples  No.  3,  A  and  No.  3,  B,  With  them  the 
maximum  elongation  observed  was  about  22.5  ten-millionths  which 
is  somewhat  greater  than  that  obtained  with  the  specimen  No.  3 
where  the  maximum  elongation  obtained  was  16  ten-millionths. 

The  maximum  elongation  obtained  with  rod  No.  4,  A  was  some- 
what less  than  that  obtained  by  Mr.  Dawes  with  rod  No.  4.  With 
the  former  specimen  the  maximum  elongation  was  about  3  ten- 
millionths  while  that  obtained  with  the  latter  was  over  three  times 
as  great.  TJiis  discrepancy  was  very  likely  due  to  a  difference 
in  the  composition  of  the 


two  rods  which  should  be 
brought  out  by  a  chem- 
ical analysis  of  the  speci- 
mens. It  is  interesting 
to  note  that  with  both 
sets  of  rods  the  maximum 
elongation  was  obtained 
when  the  composition  of  the 
alloy  was  approximately 
the  same  as  that  of  the 
specimens  which  were  found  by  Heusler  to  give  the  highest 
permeability. 

Summarizing  the  results  of  the  two  measurements  it  would  ap-' 
pear  that  the  structure  of  the   alloys  when  freshly  cast   is  very 
unstable,  and  that  it  undergoes  a  rapid  change  under  repeated  mag- 
netizations and  a  slower  change  under  the  lapse  of  time. 

In  their  experiments  on  magnetostriction  Guthe,  and  Austin  state 
that  no  after-effect  either  in  expansion  or  in  contraction  was  observed 
even  with  the  strongest  fields,  whereas  Austin  in  his  first  communi- 
cation refers  very  definitely  to  the  observation  of  such  an  effect  in 
his  measurements.  The  explanation  probably  is  that  in  the  first 
investigations  the  rods  were  in  the  same  condition  as  those  with 
which  the  initial  tests  described  in  this  paper  were  made ;  while  in 
the  later  investigation  the  rods  tested  (which  were  obtained  from 
Dr.  Heusler)  had  very  likely  been  subjected  to  such  conditions 
prior  to  the  test  as  to  bring  them  into  the  stable  condition. 


466 


/.  c.  McLennan, 


[Vou  XXIV. 


III.    Permeability.     (Experiments  by  Miss  L.  B.  Johnson.) 

During  the  period  covered  by  the  experiments  on  magneto- 
striction, a  series  of  measurements  was  made  by  Miss  L.  B.  John- 
son on  the  permeability  of  the  four  alloys.  Two  rings  had  been 
made  at  each  casting,  in  addition  to  the  two  rods  mentioned  above, 
and  with  these  the  experiments  on  permeability  were  carried  out 
The  magnetization  was  measured  by  the  ballistic  method,  by  revers- 
ing the  magnetizing  force,  and  the  arrangement  of  apparatus  was 
similar  to  that  used  by  Ewing  and  Klaasson.* 


Table  V. 


Detignation 
of  Ring. 

Height. 

Thick- 
ness. 

Mean 
Diam. 

No.      I. 

L56  cm. 

.881cm. 

6.59    cm. 

No.    II. 

L47    " 

.855  " 

6.615  " 

No.  Illa. 

2.44   " 

.623  " 

6.98    " 

No.  III*. 

2.37    " 

.68     " 

6.87    " 

No.   IVfl. 

2.39    " 

.703  " 

6.86    ** 

No.   IV*. 

L447  " 

.838  " 

6.64    " 

Cross  Section. 


1.374  sq.cm. 
L256  "  " 
L516  "  " 
L61  '*  " 
L684  "  *' 
L212  '*    " 


Turns  in 
Primary. 


Turns  in 
Secondary. 


155 
153 
150 
115 
157 
136 


100 
100 
50 
50 
50 
46 


Table  VI. 

Alloy  No.  L 


H 

B 

M 

H 

B 

¥• 

L39 

1.39 

LO 

14.40 

18.7 

L3 

2.82 

4.01 

L4 

28.22 

37.8 

L3 

3.93 

5.35 

L3 

37.63 

50.8 

L3 

7.52 

10.7 

L4 

86.45 

78.9 

L3 

Table  VII. 

Alloy  No.  II. 


H 

B 

M 

H 

B 

¥- 

.814 

L464 

1.7 

17.5 

27.8 

L5 

L66 

2.92 

L7 

42.5 

68.8 

1.6 

4.99 

8.78 

L7 

69.3 

106.8 

L5 

8.55 

13.17 

L5 

»Phil.  Trans.,  Vol.  CLXXXIV.,  A,  p.  987,  1893. 
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Table  VIII. 

Alloy  No,  Ilia. 


H 

B 

f* 

H 

B 

^ 

.68 

6.442 

9.3 

17.1 

201 

11.6 

1.8 

17.1 

9.8 

28.3 

332.8 

11.7 

4.4 

46.1 

10.3 

36.9 

364 

9.8 

7 

71.2 

10.1 

42.9 

413.8 

9.6 

11.9 

129.8 

10.8 

59.3 

483.1 

8.1 

The  dimensions  of  the  rings  which  have  been  designated  as  I., 
IL,  III^T,  \\\b,  IV^i,  IV^  for  the  purpose  of  identifying  them  with 
the  rods  which  were  denoted  by  the  same  numbers,  are  given  in 
Table  V.  The  table  also  contains  the  number  of  turns  in  the 
primary  and  secondary  coils  of  each  ring. 

Table  IX. 

Alloy  No,  Illb, 


H 

B 

/* 

H 

B 

^ 

.99 

4.596 

4.6 

11.24 

70.17 

6.2 

L45 

9.138 

6.3 

23.4 

160.8 

6.8 

2.04 

1L42 

5.5 

30.81 

22L5 

7.1 

3.08 

18.27 

5.9 

50.75 

352.1 

6.9 

6.01 

34.26 

5.7 

The  first  set  of  measurements  was  made  with  the  rings,  just  as 
they  were  cast,  and  the  results  are  given  in  Tables  VI.,  VII,  VIII., 
IX.,  X.,  XI.     The  permeability  curves  are  given  in  Fig.  15. 


Table  X. 

Alloy  No,  IVa. 


H 

4    ' 

A* 

H 

B 

f* 

.2745 

13.1 

48.1 

8.692 

565.7 

65.1 

.5032 

30.5 

58 

16.47 

933.9 

56.7 

L464 

96.1 

65.6 

34.31 

1487.2 

43.3 

2.379 

157.2 

66.1 

45.29 

1724.08 

38 

4.575 

314.5 

68.7 

69.54 

2072.3 

29.8 
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Table  XI. 

Alloy  No.  IVb. 


H 

B 

fA 

H 

B 

M 

.0379 

3.108 

82 

16.45 

1366.93 

83.0 

.147 

13.67 

92.9 

27.14 

2113.44 

77.8 

.452 

49.72 

110 

34.55 

2257.76 

65.4 

1.192 

136.75 

114.7 

41.77 

2424.24 

58 

2.467 

279.72 

113.3 

51.00 

2548.4 

49.8 

3.331 

360.52 

108.2 

55.93 

2586.4 

44.4 

5.264 

535.81 

101.7 

80.61 

2735.04 

33.8 

7.81 

739.70 

94.7 

92.13 

2735.04 

24.6 

From  these  it  will  be  seen  that  Alloys  IV^  and  IV*  showed 
the  highest  permeability.  Alloys  I.  and  II.  were  but  feebly  magnetic, 
and  Alloys  \\\a  and  III*  only  slightly  so. 


It  had  been  expected  that  the  permeabilities  of  the  rings  would 
give  an  indication  of  the  relative  permeabilities  of  the  corresponding 
rods  used  in  the  measurements  on  magnetostriction.  The  very 
considerable  difference  in  the  permeability  of  the  two  rings  No.  I  Va 
and  No.  IV*,  which  were  made  at  the  same  casting,  showed,  how- 
ever, that  even  different  portions  of  the  same  casting  did  not  exhibit 
the  same  magnetic  properties,  and  that  before  any  definite  com- 
parisons  could   be  made,  it  was  necessary  to   make  a  chemical 
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analysis  of  each  of  the  specimens  tested.  This  difference  in  mag- 
netic properties  was  also  very  marked  with  alloy  No.  III.  The 
rods  of  this  casting  gave  the  greatest  elongation,  while  the  rings, 
as  the  figures  show,  possessed  but  a  small  permeability.  Guthe 
and  Austin  ^  have  pointed  out  that  the  greatest  elongation  was 
obtained  by  them  with  rods  which  possessed  the  greatest  permeability 
and  as  some  experiments  which  are  now  being  made  on  the  permea- 
bility of  the  rods  No.  III.  show  that  they  possess  a  very  much 
higher  permeability  than  that  exhibited  by  the  rings,  this  conclusion 
is  very  probably  correct. 

Table  XII. 

Alloy  No.  Ilia, 


H 

B 

** 

H 

B 

^ 

.73 

8.59 

11.9 

17.1 

309.2 

17.9 

1.28 

15.03 

11.7 

27.5 

440.1 

15.9 

1.97 

25.77 

13 

36.1 

541.1 

14.9 

6.4 

94.4  . 

14.7 

46.4 

674.3 

14.5 

6.8 

105.2 

15.3 

64.5 

751.6 

11.6 

s  8.5 

138.2 

16.2 

91.1 

843.9 

9.2 

11.5 

196.5 

17 

Alloy  No,  IVa, 


. 

—  — 

"_ ^   "  r_ 

H 

B 

^ 

.164 

9.83 

59.9 

.814 

65.33 

80.5 

1.41 

121.02 

85.8 

2.33 

203.15 

87.1 

4.3 

415.05 

96.7 

6.03 

538.26 

89.2 

H 


8.88 
16.4 
34.31 
43 
71.32 


B 

f* 

758.02 

85.3 

1187.42 

72.4 

1857.5 

54.1 

2090.1 

48.8 

2402.6 

33.6 

H 


.7621 
1.258 
3.35 
6.09 
9.9 
15.24 


B 


10.567 
28.172 
56.34 
116.2 
211.29 
352.15 


Alloy  No,  IVb, 


13.9 

16.3 

16.4 

19 

21.3 

23.1 


H 


24.38 

31.24 

44.2 

58.68 

86.11 


528.22 
654.99 
795.85 
993.06 
1253.6 


21.6 

20.9 

18 

16.9 

14.55 


» Loc.  cit. 
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In  addition  to  the  initial  tests  just  described,  some  measurements 
were  [also  made  on  the  changes  in  the  permeability  produced  by 
continued  heating. 


io         eo         30        40  60         60         ?0 

Fig.   17. 

Examples  of  these  measurements  with  alloys  No.  Ilia  and  No. 
Wa  and  No.  IV^,  are  given  in  Table  XII. 
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The  values  of  the  permeability  of  alloy  No.  III.  were  obtained  when 
the  specimen  had  become  cool  after  being  heated  to  107°  C.  and 
kept  at  this  temperature  for  40  hours.     A  permeability  curve  repre- 


senting [the  results  is  given  in  Fig.  16,  and  a  comparison  with  the 
curve^made  in  the  initial  test  which  is  plotted  in  the  same  figure 
shows  that[although  the  magnetic  properties  of  the  specimens  were 


fi§4[tt^:^^^ 


-KK)         l^O        -reO        nSO        -40  0  *4t3  *&0       *C 

Fig.  19. 

not  very  marked  the  heating  nevertheless  produced  a  very  consid- 
erable increase  in  the  permeability. 
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This  increase  in  the  permeability  is  also  shown  by  the  numbers 
for  alloy  No.  IV^.  Curve  I.,  Fig.  17,  shows  the  permeability  of  the 
alloy  in  different  fields  when  freshly  cast,  and  curve  II.  its  permea- 
bility in  the  same  fields  after  it  had  been  repeatedly  heated  up  to 
100°  C.  and  cooled  to  the  temperature  of  liquid  air. 

The  results  obtained  with  alloy  No.  IV^  show  the  effect  of  rais- 
ing the  alloy  to  a  red  heat  and  then  allowing  it  to  cool  slowly. 
This  specimen  in  the  initial  tests  showed  the  highest  permeability 
of  all  the  rings,  but  after  being  treated  as  described  a  very  consid- 
erable decrease  in  the  permeability  ensued.  Curves  I.  and  II.  rep- 
resent respectively  the  initial  and  final  tests  with  this  specimen. 

In  the  interval  between  which  the  results  with  alloy  \Ya  recorded 
in  Fig.  17  were  obtained,  this  specimen  was  examined  under  a  con- 
stant magnetizing  force  of  3.934  C.G.S.  units  for  temperatures  rang- 
ing Jrom  —  182°  C.  to  105°  C.  The  temperatures  were  estimated 
from  variations  in  the  resistances  of  a  platinum  wire  wound  round 
the  ring  between  the  primary  and  secondary  coils.  The  results  of 
these  measurements  are  given  in  Table  XIII.  and  a  curve  repre- 
senting them  is  given  in  Fig.  19. 


Table  XIII. 

Alloy 

No.IVa,     H=s.gs4  C.G.S. 

units. 

Temperature. 

B 

487 

** 

Temperature. 

B 

. 

-182 

123.7 

0 

338.5 

86 

-169 

471.8 

119.9 

8.2 

334.2 

84.9 

-154 

454.3 

115.4 

19.6 

327.6 

83.2 

-143.5 

445.6 

113.2 

35.3 

321.1 

81.6 

-131 

432.5 

109.9     . 

48 

308.8 

78.5 

-110.5 

410.6 

104.3 

63.1 

297 

75.5 

-53 

375.7 

95.4 

69 

288.3 

73.2 

-46 

364.8 

92.7               76.4 

281.8 

71.6 

-36 

358.2 

91 

91.6 

266.5 

67.7 

-13.5 

342.9 

87.1 

105 

521.21 

63.8 

The  permeability,  it  will  be  seen,  showed  a  steady  increase  as  the 
temperature  was  lowered. 

The  results  of  these  various  tests,  it  will  be  seen  are  in  accord- 
ance with  the  observations  of  other  investigators,  who  have  found 
that  the  permeability  of  these  alloys  can  be  considerably  increased 
by  continued  heating  at, moderate  temperatures. 
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The  results  obtained  with  alloy  No.  \)Ja  lends  support  to  the 
view  expressed  by  Hill,  that  when  these  alloys  are  raised  to  a  tem- 
perature higher  than  the  transformation  point,  and  then  cooled,  they 
possess  a  permeability  which  is  largely  determined  by  the  temper 
ature  from  which  the  cooling  took  place.  This  alloy  when  cooled 
from  the  melting  point  as  curve  I.,  Fig.  18,  shows,  possessed  a  per- 
meability very  much  higher  than  that  which  it  had  when  cooled 
from  a  red  heat. 

This  suggests  a  parallel  between  the  behavior  of  these  alloys 
and  those  studied  by  Heycock  and  Neville.*  In  their  investigations 
it  was  found  that  the  structure  of  an  alloy  at  any  temperature  could 
be  ascertained  very  closely  by  suddenly  chilling  it  from  that  tem- 
perature. It  is  possible  that  these  alloys  under  varying  condi- 
tions of  temperature,  may  pass  through  different  phases,  some  of 
which  may  be  magnetic,  and  others  not.  From  the  general  results 
of  the  present  investigations  it  is  evident  that  the  magnetic  properties 
of  the  different  alloys  are  intimately  associated  with  their  molecular 
structure,  and  since  the  structure  of  an  alloy  at  any  temperature  can 
be  ascertained  by  rapid  cooling  from  that  temperature,  it  is  possible 
that  the  magnetic  properties  of  the  alloy  may  also  be  investigated  by 
the  same  procedure.  The  results  obtained  by  Hill  and  other  investi- 
gators would  seem  to  point  in  that  direction. 

Physical  Laboratory, 

University  of  Toronto,  December  20,  1906. 

1  Rapports  Congr^s  Int.  de  Phys.,  Paris,  1900,  p.  131. 
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SOME  months  ago,  my  friend,  Carl  Hering,  described  to  me  a 
surprising  and  apparently  new  phenomenon  which  he  had  ob- 
served. He  found,  in  passing  a  relatively  large  alternating  current 
through  a  non-electrolytic,  liquid  conductor  contained  in  a  trough, 
that  the  liquid  contracted  in  cross-section  and  flowed  up  hill  length- 
wise of  the  trough,  climbing  up  upon  the  electrodes.  With  a  further 
increase  of  current,  he  found  that  this  contraction  of  cross-section 
became  so  great  at  one  point  that  a  deep  depression  was  formed  in 
the  liquid  with  steeply-inclined  sides  like  the  letter  V.  This  de- 
pression extended  in  the  case  of  a  liquid  metal  as  deep  as  six  inches. 
With  a  current  of  constant  value,  the  condition  was  a  stable  one, 
but  the  liquid  on  the  inclined  surfaces  showed  great  agitation.  With 
a  still  greater  increase  of  current,  the  depression  reached  the  bottom 
of  the  trough,  thereby  rupturing  the  circuit ;  this,  of  course,  resulted 
in  the  liquid  flowing  together  again,  and  again  breaking,  a  violent 
interrupter  being  thus  formed.  He  thus  concluded  that  there  is  a 
limit  to  the  current  which  it  is  possible  to  pass  through  a  liquid  con- 
ductor and  that  this  limit  may  be  reached  before  the  volitalization 
limit.  He  suggested  that  the  blowing  of  fuse  wires  and  the  action 
of  the  Caldwell  interrupter  may,  perhaps,  be  aided  by  this  phenom- 
enon. Mr.  Hering  suggested  the  idea  that  this  contraction  was 
probably  due  to  the  elastic  action  of  the  lines  of  magnetic  force 
which  encircle  the  conductor,  which  lines,  he  said,  acted  on  the 
conductor  like  stretched  rubber  bands,  tending  to  compress  it,  espe- 
cially at  its  weakest  point.  As  the  action  of  the  forces  on  the  con- 
ductor is  to  squeeze  or  pinch  it,  he  jocosely  called  it  the  "  pinch 
phenomenon.'* 

The  phenomenon  described  appeared  to  the  writer  to  have  a  con- 
siderable theoretical  interest.     The  theory  and  the  experiments  de- 

*  A  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  March  a,  1907. 
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scribed  in  the  following  are  the  results  of  the  writer's  analysis  of 
the  problem.  In  the  development  of  the  theory  which  follows,  he 
has  been  much  assisted  by  the  discussions  which  he  had  with  Mr. 
Hering  who  offered  many  useful  suggestions. 

Depression  Obtained  with  a  Small  Current. 

To  show  the  phenomenon  observed  by  Mr.  Hering,  the  writer 
devised  several  laboratory  experiments  in  which  mercury  was  used 
as  the  liquid  conductor.  In  a  thick  sheet  of  hard  rubber,  about 
five  inches  square,  two  square  holes  or  depressions  were  cut.  These 
depressions  were  about  three  quarters  of  an  inch  deep  and  about 
one  and  three  quarter  inches  on  a  side.  Their  two  adjacent  sides 
were  parallel  and  about  one  half  inch  apart.  A  channel  one  quarter 
inch  wide  and  three  quarter  inch  deep  was  cut  so  as  to  connect 
the  depressions.  The  depressions  and  channel  were  nearly  filled 
with  mercury.  Electrodes  of  brass  placed  in  the  depressions  enabled 
a  storage  battery  current  to  be  passed  in  the  mercury  from  one 
depression  to  the  other  through  the  narrow  channel. 

It  was  found  that  about  800  amperes  caused  the  mercury  in  the 
channel  to  depress  lengthwise  of  the  channel  in  the  fornri  of  a  V, 
about  one  half  inch  below  the  general  level  of  the  mercury.  A  small 
increase  in  the  current  caused  the  angle  of  the  depression  to  reach 
the  bottom  of  the  channel  and  rupture  the  circuit.  The  liquid  would 
again  flow  together  and  again  rupture  thus  forming  a  slow  and 
irregular  interrupter. 

The  following  experiment  was  then  devised  by  which  the  forces 
at  work  could  be  shown  in  a  more  striking  manner  and  with  much 
smaller  currents. 

The  apparatus  shown  in  Fig.  i  was  constructed.  This  is  a  box 
made  of  wood.  The  box  is  divided  as  shown  into  two  rectangular 
compartments  which  are  connected  by  a  deep  channel.  One  side 
of  the  channel  was  formed  of  a  sheet  of  transparent  mica,  so  the 
height  of  any  liquid  in  the  box  could  be  observed  from  the  side. 
In  each  end  of  the  box  were  fastened  brass  electrodes. 

The  interior  of  this  box,  thus  arranged,  was  filled  to  a  depth  of 
two  inches  with  a  liquid  alloy  of  potassium  and  sodium.  The 
remaining  space  was  filled  with  kerosene  oil.     The  liquid  alloy 
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wise of  the  trough,  climbing  up  upon  the  electrodes.  With  a  further 
increase  of  current,  he  found  that  this  contraction  of  cross-section 
became  so  great  at  one  point  that  a  deep  depression  was  formed  in 
the  liquid  with  steeply-inclined  sides  like  the  letter  V.  This  de- 
pression extended  in  the  case  of  a  liquid  metal  as  deep  as  six  inches. 
With  a  current  of  constant  value,  the  condition  was  a  stable  one, 
but  the  liquid  on  the  inclined  surfaces  showed  great  agitation.  With 
a  still  greater  increase  of  current,  the  depression  reached  the  bottom 
of  the  trough,  thereby  rupturing  the  circuit ;  this,  of  course,  resulted 
in  the  liquid  flowing  together  again,  and  again  breaking,  a  violent 
interrupter  being  thus  formed.  He  thus  concluded  that  there  is  a 
limit  to  the  current  which  it  is  possible  to  pass  through  a  liquid  con- 
ductor and  that  this  limit  may  be  reached  before  the  volitalization 
limit.  He  suggested  that  the  blowing  of  fuse  wires  and  the  action 
of  the  Caldwell  interrupter  may,  perhaps,  be  aided  by  this  phenom- 
enon. Mr.  Hering  suggested  the  idea  that  this  contraction  was 
probably  due  to  the  elastic  action  of  the  lines  of  magnetic  force 
which  encircle  the  conductor,  which  lines,  he  said,  acted  on  the 
conductor  like  stretched  rubber  bands,  tending  to  compress  it,  espe- 
cially at  its  weakest  point.  As  the  action  of  the  forces  on  the  con- 
ductor is  to  squeeze  or  pinch  it,  he  jocosely  called  it  the  "  pinch 
phenomenon." 

The  phenomenon  described  appeared  to  the  writer  to  have  a  con- 
siderable theoretical  interest.     The  theory  and  the  experiments  de- 
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scribed  in  the  following  are  the  results  of  the  writer's  analysis  of 
the  problem.  In  the  development  of  the  theory  which  follows,  he 
has  been  much  assisted  by  the  discussions  which  he  had  with  Mr. 
Hering  who  offered  many  useful  suggestions. 
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To  show  the  phenomenon  observed  by  Mr.  Hering,  the  writer 
devised  several  laboratory  experiments  in  which  mercury  was  used 
as  the  liquid  conductor.  In  a  thick  sheet  of  hard  rubber,  about 
five  inches  square,  two  square  holes  or  depressions  were  cut.  These 
depressions  were  about  three  quarters  of  an  inch  deep  and  about 
one  and  three  quarter  inches  on  a  side.  Their  two  adjacent  sides 
were  parallel  and  about  one  half  inch  apart.  A  channel  one  quarter 
inch  wide  and  three  quarter  inch  deep  was  cut  so  as  to  connect 
the  depressions.  The  depressions  and  channel  were  nearly  filled 
with  mercury.  Electrodes  of  brass  placed  in  the  depressions  enabled 
a  storage  battery  current  to  be  passed  in  the  mercury  from  one 
depression  to  the  other  through  the  narrow  channel. 

It  was  found  that  about  800  amperes  caused  the  mercury  in  the 
channel  to  depress  lengthwise  of  the  channel  in  the  form  of  a  V, 
about  one  half  inch  below  the  general  level  of  the  mercury.  A  small 
increase  in  the  current  caused  the  angle  of  the  depression  to  reach 
the  bottom  of  the  channel  and  rupture  the  circuit.  The  liquid  would 
again  flow  together  and  again  rupture  thus  forming  a  slow  and 
irregular  interrupter. 

The  following  experiment  was  then  devised  by  which  the  forces 
at  work  could  be  shown  in  a  more  striking  manner  and  with  much 
smaller  currents. 

The  apparatus  shown  in  Fig.  i  was  constructed.  This  is  a  box 
made  of  wood.  The  box  is  divided  as  shown  into  two  rectangular 
compartments  which  are  connected  by  a  deep  channel.  One  side 
of  the  channel  was  formed  of  a  sheet  of  transparent  mica,  so  the 
height  of  any  liquid  in  the  box  could  be  observed  from  the  side. 
In  each  end  of  the  box  were  fastened  brass  electrodes. 

The  interior  of  this  box,  thus  arranged,  was  filled  to  a  depth  of 
two  inches  with  a  liquid  alloy  of  potassium  and  sodium.  The 
remaining  space  was  filled  with  kerosene  oil.     The  liquid  alloy 
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wise of  the  trough,  climbing  up  upon  the  electrodes.  With  a  further 
increase  of  current,  he  found  that  this  contraction  of  cross-section 
became  so  great  at  one  point  that  a  deep  depression  was  formed  in 
the  liquid  with  steeply-inclined  sides  like  the  letter  V.  This  de- 
pression extended  in  the  case  of  a  liquid  metal  as  deep  as  six  inches. 
With  a  current  of  constant  value,  the  condition  was  a  stable  one, 
but  the  liquid  on  the  inclined  surfaces  showed  great  agitation.  With 
a  still  greater  increase  of  current,  the  depression  reached  the  bottom 
of  the  trough,  thereby  rupturing  the  circuit ;  this,  of  course,  resulted 
in  the  liquid  flowing  together  again,  and  again  breaking,  a  violent 
interrupter  being  thus  formed.  He  thus  concluded  that  there  is  a 
limit  to  the  current  which  it  is  possible  to  pass  through  a  liquid  con- 
ductor and  that  this  limit  may  be  reached  before  the  volitalization 
limit  He  suggested  that  the  blowing  of  fuse  wires  and  the  action 
of  the  Caldwell  interrupter  may,  perhaps,  be  aided  by  this  phenom- 
enon. Mr.  Hering  suggested  the  idea  that  this  contraction  was 
probably  due  to  the  elastic  action  of  the  lines  of  magnetic  force 
which  encircle  the  conductor,  which  lines,  he  said,  acted  on  the 
conductor  like  stretched  rubber  bands,  tending  to  compress  it,  espe- 
cially at  its  weakest  point.  As  the  action  of  the  forces  on  the  con- 
ductor is  to  squeeze  or  pinch  it,  he  jocosely  called  it  the  "  pinch 
phenomenon." 

The  phenomenon  described  appeared  to  the  writer  to  have  a  con- 
siderable theoretical  interest.     The  theory  and  the  experiments  de- 
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the  problem.  In  the  development  of  the  theory  which  follows,  he 
has  been  much  assisted  by  the  discussions  which  he  had  with  Mr. 
Hering  who  offered  many  useful  suggestions. 
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To  show  the  phenomenon  observed  by  Mr.  Hering,  the  writer 
devised  several  laboratory  experiments  in  which  mercury  was  used 
as  the  liquid  conductor.  In  a  thick  sheet  of  hard  rubber,  about 
five  inches  square,  two  square  holes  or  depressions  were  cut.  These 
depressions  were  about  three  quarters  of  an  inch  deep  and  about 
one  and  three  quarter  inches  on  a  side.  Their  two  adjacent  sides 
were  parallel  and  about  one  half  inch  apart.  A  channel  one  quarter 
inch  wide  and  three  quarter  inch  deep  was  cut  so  as  to  connect 
the  depressions.  The  depressions  and  channel  were  nearly  filled 
with  mercury.  Electrodes  of  brass  placed  in  the  depressions  enabled 
a  storage  battery  current  to  be  passed  in  the  mercury  from  one 
depression  to  the  other  through  the  narrow  channel. 

It  was  found  that  about  800  amperes  caused  the  mercury  in  the 
channel  to  depress  lengthwise  of  the  channel  in  the  form  of  a  V, 
about  one  half  inch  below  the  general  level  of  the  mercury.  A  small 
increase  in  the  current  caused  the  angle  of  the  depression  to  reach 
the  bottom  of  the  channel  and  rupture  the  circuit.  The  liquid  would 
again  flow  together  and  again  rupture  thus  forming  a  slow  and 
irregular  interrupter. 

The  following  experiment  was  then  devised  by  which  the  forces 
at  work  could  be  shown  in  a  more  striking  manner  and  with  much 
smaller  currents. 

The  apparatus  shown  in  Fig.  i  was  constructed.  This  is  a  box 
made  of  wood.  The  box  is  divided  as  shown  into  two  rectangular 
compartments  which  are  connected  by  a  deep  channel.  One  side 
of  the  channel  was  formed  of  a  sheet  of  transparent  mica,  so  the 
height  of  any  liquid  in  the  box  could  be  observed  from  the  side. 
In  each  end  of  the  box  were  fastened  brass  electrodes. 

The  interior  of  this  box,  thus  arranged,  was  filled  to  a  depth  of 
two  inches  with  a  liquid  alloy  of  potassium  and  sodium.  The 
remaining  space  was  filled  with  kerosene  oil.     The  liquid  alloy 
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limit.  He  suggested  that  the  blowing  of  fuse  wires  and  the  action 
of  the  Caldwell  interrupter  may,  perhaps,  be  aided  by  this  phenom- 
enon. Mr.  Hering  suggested  the  idea  that  this  contraction  was 
probably  due  to  the  elastic  action  of  the  lines  of  magnetic  force 
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inch  wide  and  three  quarter  inch  deep  was  cut  so  as  to  connect 
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a  storage  battery  current  to  be  passed  in  the  mercury  from  one 
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the  bottom  of  the  channel  and  rupture  the  circuit.  The  liquid  would 
again  flow  together  and  again  rupture  thus  forming  a  slow  and 
irregular  interrupter. 

The  following  experiment  was  then  devised  by  which  the  forces 
at  work  could  be  shown  in  a  more  striking  manner  and  with  much 
smaller  currents. 

The  apparatus  shown  in  Fig.  i  was  constructed.  This  is  a  box 
made  of  wood.  The  box  is  divided  as  shown  into  two  rectangular 
compartments  which  are  connected  by  a  deep  channel.  One  side 
of  the  channel  was  formed  of  a  sheet  of  transparent  mica,  so  the 
height  of  any  liquid  in  the  box  could  be  observed  from  the  side. 
In  each  end  of  the  box  were  fastened  brass  electrodes. 

The  interior  of  this  box,  thus  arranged,  was  filled  to  a  depth  of 
two  inches  with  a  liquid  alloy  of  potassium  and  sodium.  The 
remaining  space  was  filled  with  kerosene  oil.     The  liquid  alloy 


48  2  ED  WIN  F,  NOR  THR  UP.  [Vol.  XXI  V. 

This  was  proved  experimentally  as  follows :  In  the  apparatus 
shown  in  Fig.  4,  a  fine  manganin  wire  of  high  resistance  was  placed 
in  the  liquid  column.  One  end  of  the  wire  was  fastened  to  the  up- 
per copper  disk  near  its,  circumference  and  the  other  end  to  the 
corresponding  point  of  the  lower  copper  disk.  The  wire  was  slightly 
longer  than  the  distance  between  the  disks  and  hence  hung  loose 
between  them.  It  was  arranged  to  have  it  hang  near  the  circum- 
ference of  the  liquid  column.  When  current  passed  through  the 
liquid  column  a  current  in  the  same  direction  and  of  greater  current 
density  also  passed  through  the  wire.  On  making  the  circuit,  the 
loose  wire  was  instantly  urged  from  the  circumference  and  formed 
a  bow  which  bent  toward  the  axis  of  the  liquid  column. 

In  place,  now,  of  an  actual  wire  in  the  inside  of  the  liquid  column, 
we  may  picture  this  liquid  column  as  being  made  up  of  a  great  many 
filaments  parallel  to  the  column.  Each  filament  will  be  a  conductor 
which  carries  a  current  proportional  to  the  total  current  and  to  its 
own  cross-section.  All  the  imaginary  conducting  filaments,  except 
the  one  coinciding  with  the  axis,  will  be  in  a  field  of  magnetic  force, 
the  intensity  of  the  field  in  which  any  filament  lies  being  propor- 
tional to  its  distance  from  the  axis.  All  the  filaments,  except  the 
one  on  the  axis,  will  experience  a  force  which,  if  free  to  act,  will  urge 
them  toward  the  axis  of  the  conducting  liquid  column. 

From  this  conception,  it  is  evident  that,  if  the  conducting  liquid 
column  have  elastic  walls,  it  will  contract  so  as  to  diminish  in  cross- 
section  and  in  consequence  increase  in  length.  If  the  column  can- 
not increase  in  length,  it  will  tend  to  contract.  In  other  words,  there 
will  be  a  pressure  at  the  center  greater  than  the  pressure  near  the 
surface.  This  pressure  is  hydrostatic.  Its  existence  and  magnitude 
are  shown  by  the  following  experiment. 

Experiment  to  Show  Pressure  in  the  Interior  of  a 
Conductor. 

An  apparatus  was  constructed  which  is  shown  in  section  in  Fig. 
6.  T  is  the  tube  of  fiber,  and  /  another  tube  of  fiber  having  an  in- 
ternal diameter  of  2.54  cm  ;  B  and  [>  are  brslss  plugs  tightly  fitted 
in  the  ends  of  the  inside  tube.  Heavy  copper  terminals  enable  these 
plugs  to  be  joined  to  a  battery  of  large  current  capacity.     At  the 
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1^ 


center  of  the  tube  /  was  placed  a  fiber  ring  to  reduce  the  cross- 
section  of  the  tube  at  one  place.  The  hole  in  the  fiber  ring  had  a 
diameter  2R  or  a  radius  of  .635  cm. 

Through  the  sides  of  the  tube  and  fiber  ring  several  small  holes, 
A,  were  drilled  radially  to  the  axis.  The  bottom  of  the  annular 
space  between  the  tubes  T  and  /  was  closed  by  a  fiber  piece  P. 
The  two  tubes  were  then  filled  with 
mercury  to  the  level  shown  in  the  cut. 
According  to  the  conception  given 
above,  when  current  is  passing  through 
the  mercury  column  in  the  tube  /,  a 
hydrostatic  pressure  should  exist  in 
its  interior,  which  is  greatest  along  its 
axis.  Hence,  as  the  mobile  conductor 
has  no  other  escape  than  the  hole  H  ^^ 
provided  in  the  plug  D,  it  should  rise  T- 
in  this  hole  from  the  pressure  at  the 
axis,  more  being  at  the  same  time 
drawn  in  at  the  holes,  //.  Sufficient 
pressure  should  raise  the  mercury  in 
the  hole  H  until  it  overflows  the  upper 
surface  of  the  plug  D,  and  falls  back 
into  the  well  from  whence  it  came.  Thus,  a  continuous  stream  of 
mercury  should  flow  by  the  path,  through  the  holes  A,  up  the  tube 
/  and  the  hole  //,  into  the  well  and  thence  again  to  the  holes  h. 

In  trying  this  experiment,  these  results  were  amply  realized. 
With  about  1,800  amperes,  the  mercury  flowed  in  a  continuous  and 
rapid  stream,  as  described. 

To  test  the  magnitude  of  the  pressure,  a  glass  tube  was  tightly 
fitted  in  the  hole  H,  and  the  mercury  column  was  found  to  stand, 
with  1,800  amperes,  six  tenths  of  an  inch  in  the  tube  above  the 
general  level  of  the  mercury  in  the  well. 

So  large  a  current  soon  heated  the  mercury  and  it  was  not  found 
practical  to  keep  it  on  more  than  a  minute  or  two  at  a  time.  It  is 
scarcely  necessary  to  remark  that  the  flow  and  the  rise  of  the 
mercury  is  independent  of  the  direction  of  the  current. 

It  was  thought  that  iron  might  be  used  to  increase  the  induction 
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and  so  get  the  mercury  to  flow  continuously  with  less  current 
The  previous  experiment  was  modified  as  follows. 

A  disk  of  soft  iron  was  inserted  in  the  narrow  portion  of  the  tube 
t  in  the  manner  shown  in  Fig.  7,  a  being  a  vertical  section  and  b  a 
horizontal  section  of  the  middle  portion  of  the  tube  /  and  its  fittings. 
A  slot  was  cut  in  the  iron  disk  parallel  to  its  axis.  This  slot  was 
1.6  mm.  wide  and  extended  in  radically  to  the  center  of  the  disk. 

The  iron  disk  was  located  in  the 
^  b.  narrow  portion  of  the   tube   /  so 

that  the  end  of  the  slot  registered 
with  one  of  the  holes,  A,  Fig.  6. 
It  is  evident  that  the  intensity  of 
the  magnetic  field  in  the  space  of 
this  narrow  slot  should  be  greatly 
increased  by  the  presence  of  the  iron.  Also  that  the  conducting 
mercury  filaments  in  the  slot  should  be  urged  with  increased  force 
toward  the  axis  with  a  resulting  greater  hydrostatic  pressure  at  the 
axis. 

In  trying  the  experiment,  it  was  found  that  the  force  previously 
obtained  was  about  doubled  and  that  with  1,800  amperes  the 
mercury  would  rise  in  the  glass  tube  about  one  and  a  quarter 
inches.  With  900  amperes  and  with  the  tube  removed,  the  mer- 
cury would  flow  continuously,  the  heating  being  now  reduced  so 
that  the  current  could  be  kept  on  for  many  minutes. 

Law  of  the  Pressure  in  the  Interior  of  a  Conductor. 

Let  Fig.  8  represent  the  cross-section  of  a  cylindrical  conductor. 
Conceive  this  cross-section  to  be  made  up  of  a  large  number  of 
annular  spaces  as  i,  2,  3,  etc.  Let  the  radial  depth  of  each  of  these 
annular  spaces  be  called  dr.  Let  R  be  the  radius  of  the  cylindrical 
conductor,  and  r  the  radial  distance  from  the  axis  to  any  point 
within  the  circular  cross-section.  It  should  further  be  supposed 
that  the  conductor  is  of  very  great  length,  having  its  axis  perpen- 
dicular to  the  plane  of  the  paper,  and  far  removed  from  any  return 
circuit.  By  the  theory  and  experiments  cited  above,  all  portions  of 
the  conductor,  as  the  annular  sections,  i,  2,  3,  etc.,  are  under  the 
influence  of  a  force,  when  the  conductor  is  carrying  a  current,  which 
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tends  to  urge  them  radially  toward  the  axis.  This  force,  as  meas- 
ured in  dynes,  will  have  at  any  point  distant  r  from  the  axis,  a 
definite  value  per  unit  of  area.  The  total  force 
or  pressure  which  acts  upon  the  surface  of 
any  imaginary  cylinder  of  radius  r  and  length 
/,  will  be,  evidently,  the  force  per  unit  of  area 
multiplied  by  the  total  area  of  a  length  /,  of  | 
this  imaginary  cylinder. 

It  is  first  required,  to  find  the  force,  g^  per 
unit  of  area,  at  any  point  within  the  conductor 
distant  r  from  the  axis,  and  second,  the  force 
or  pressure  P  on  the  surface  of  an  imaginary  cylinder  of  radius  r, 
and  axial  length  /. 

This  problem  may  be  solved  by  conceiving  the  action  of  the 
magnetic  field  on  all  portions  of  the  conductor  carrying  current,  or 
by  considering  only  the  mutual  attractions  of  all  the  elements  of 
the  conductor. 

By  the  first  method,  we  may  proceed  as  follows : 

At  a  point  within  the  conductor  distant  r  from  the  axis  the  inten- 
sity of  the  magnetic  field  is  by  equation  (2). 

^      2/r 

where  /  is  the  total  current  flowing  in  the  conductor.  The  lines  of 
force  of  this  field  are  circles,  having  as  their  common  axis,  the  axis 
of  the  conductor. 

Consider  any  single  annular  space  as  5.  It  will  carry  current  diy 
which  is  in  the  same  ratio  to  the  total  current  as  the  area  of  the 
annular  space  is  to  the  total  area  of  the  cross-section  of  the  con- 
ductor. If  we  call  da  the  area  of  the  annular  space  which  has  an 
inside  boundary  of  radius  r,  we  have 

da  =  Tzir  -\-  drf  —Ttr^  =  27:rdr, 

since  the  square  of  dr  can  be  neglected.  Then  as  tzI?^  is  the  total 
area,  we  obtain 

2/rdr 


di  = 


R' 
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This  current,  di,  is  disposed  in  a  field  of  intensity 

If  the  current  /  flows  downward,  the  lines  of  force  would  act  on  a 
unit  north  pole  to  move  it  in  a  clockwise  direction  around  the  axis  ; 
and  an  element  of  the  conductor  carrying  a  downward  current 
would  tend  to  move  radially  toward  the  axis.  If  the  direction  of 
the  current  were  reversed,  the  direction  of  the  magnetic  lines  would 
be  reversed  but  the  current  elements  would  still  tend  to  move 
toward  the  axisu  The  force  in  dynes  with  which  a  length  /  of  any 
conductor  is  acted  upon  to  move  at  right  angles  to  the  lines  of 
magnetic  force  is,  in  electro-magnetic  measure,  numerically  equal 
to  the  product  of  the  length  of  the  conductor,  to  the  strength  of 
the  current  in  the  conductor  and  to  the  field  intensity  where  the 
conductor  is  located/  Thus  calling  dF  the  force  with  which  the 
element  carrying  the  current  di  tends  to  move  radially  toward 
the  axis,  we  have 


dF^ldiT^ 


ye* 


It  should  be  noted  that  the  force,  dF^  is  distributed  so  as  to  act 
normally  on  a  surface  the  area  of  which  is  2;rr/.  Hence,  calling 
dg  the  force  per  unit  of  area,  or  the  force  intensity  acting  radially 
inward,  we  have 

This  is  the  intensity  of  the  pressure  at  distance  r  from  the  axis,  due 
to  the  current  in  a  single  annular  space  of  radial  depth,  dr.  It  is 
necessary  in  order  to  obtain  the  total  intensity,  g^  at  the  distance  r 
from  the  axis,  to  take  the  sum  of  the  force  intensities  due  to  the 
currents  in  all  the  annular  spaces,  each  of  radial  depth  dr^  which 
lie  in  the  space  included  between  the  radius  R  and  the  radius  r. 
This  sum  is  given  by  the  integral 

» Consult  Maxwell,  Vol.  II.,  {490. 
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Performing  the  integratioil,  we  have 

^=^(^-0.  (5) 

Equation  (5)  gives  the  inward  radial  pressure  per  unit  of  area  on 
the  material  of  the  conductor  itself  at  any  distance  r  from  the  axis 
of  the  conductor. 

If  ^is  the  current  per  unit  of  cross-section,  or  the  current  density 
in  the  conductor,  P  =b  I^k^R^,  and  we  obtain  as  another  expression 
for  the  pressure  /^  ^  ^ 

g^rl,\l^-r^.  (6)       ^ 

The  pressure  at  the  center,  where  r  =  o,  is  therefore  equal  to  the 
area  of  the  cross-section  of  the  conductor  multiplied  by  the  square 
of  the  current  density. 

The  total  pressure  on  the  surface  of  an  imaginary  cylinder  of 
length,  /,  and  radius,  r  is,  evidently,  the  force  per  unit  of  area 
multiplied  by  the  total  area  of  the  surface  of  the  cylinder  considered. 
Calling  P  this  pressure,  we  have  :  ^"^    1 


2//V 

p=^(/?-o  (7) 

or 

P^2nlI^r{R'-^r^.  (8) 

These  same  expressions  are  easily  obtained  by  conceiving  the 
imagfinary  conducting  shells  to  exert  an  attraction  according  to  the 
law  of  mutual  attraction  between  currents  flowing  parallel  and  in 
the  same  direction.  The  law  of  attraction  between  any  two  infi- 
nitely long  parallel  conductors  distant  r  from  each  other  and  carry- 
ing currents  i  and  i^  is 

F^2ii,y  (9) 

Here  /  is  the  portion  considered  of  the  length  ot  one  of  the  con- 
ductors.^ 

In  the  case  under  consideration,  we  can  take  one  of  the  con- 
ductors to  be  the  cylinder  of  radius  r,  and  the  other  conductor  to 
be  the  annular  area  of  inside  radius  r  and  outside  radius  r  +  dr. 
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If  /  is  the  total  current  in  the  large  conductor  of  radius  R,  the 
current  carried  by  the  conductor  of  radius  r,  is 

uniform  current  density  being  supposed. 

2nrdr  is,  as  previously  found,  the  cross-section  of  the  annular 
area  and  the  current  which  it  carries  is  therefore 

2rdr 

The  currents  i  and  di  attract  and  produce  a  pressure  over  the  sur- 
face of  the  cylinder  of  radius  r.     Calling  dF  this  pressure,  we  have 

,^      2idil      ^Pr'dr 
dF^ =  — jpj 

The  pressure  per  unit  of  area  is : 

whence,  in  integrating,  we  obtain 

and 

2//V  ,  ^ 

These  last  two  expressions  arc  seen  to  be  identical  with  (5)  and 

(7). 

Attraction  in  the  Interior  of  a  Conductor. 

The  attraction  in  the  interior  of  a  cylindrical  conductor  carrying 
/j  units  of  current  per  unit  of  cross-section  which  would  be  exerted 
upon  a  unit  length  of  a  unit  of  current  distant  r  from  the  axis,  may 
be  found  as  follows  : 
.  In  equation  (9)  let  /=  i,  and  we  have 

r 
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The  current  carried  by  the  conductor  of  radius  r  is 

which  combined  with  the  above  gives 

Calling  /j  the  current  per  unit  of  cross-section  of  the  conductor  and 
taking  \  equal  to  unity,  we  find 

F,  =  2zl,r.  (10) 

Equation  (10)  expresses  the  attraction  in  the  interior  of  a  conductor 
carrying  current.  It  is  analogous  to  the  gravitational  attraction  in 
the  interior  of  a  body  of  the  same  form  as  the  conductor,  due  to  its 
mass  only. 

Gravitational  Analogy. 

It  is  interesting  to  compare  the  forces  produced  by  an  electric 
current  in  a  conductor  of  circular  cross-section  with  the  forces  pro- 
duced by  gravity  in  the  interior  of  an  infinitely  long  cylinder  of  the 
same  radius  and  section  as  the  electric  conductor. 

For  the  sake  of  comparing  methods,  we  may  use  Poisson's 
equation  to  find  the  expressions  giving  the  forces  in  the  cylinder 
produced  by  gravity. 

It  is  shown  in  Thomson  and  Tait's  Natural  Philosophy,  Vol.  II., 
page  37,  that  for  the  case  considered,  this  equation  takes  the  form 

Here  F  is  the  force  of  gravitational  attraction  which  acts  radially 
toward  the  axis  of  the  cylinder ;  M  is  the  mass  per  unit  of  volume, 
and  C  a  constant.  Since  we  know,  by  symmetry,  that  F  is  zero  at 
the  axis,  where  r  is  o,  we  obtain 

C^2TZMF?. 

Hence 

F^2i:Mr.  (il) 

Equation  (11)  is  an  expression  of  the  same  form  as  (10). 
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If  we  express  F  in  dynes  and  r  in  centimeters,  we  must  take  for 
the  unit  of  mass,  that  mass  which  at  one  centimeter  from  a  like  mass 
will  cause  an  attraction  between  the  two  of  one  dyne.  The  value 
of  this  unit  in  grams  is  given  in  Everett's  "  C.G.S.  System  of  Units/' 
P2igc  73 >  1 89 1  edition,  as  equal  to  3,928.  Hence,  if  f^  be  a  mass 
expressed  in  grams,  we  have 

3928 
or 

2Tzmr 
^^  ^28"  ^^''^-  ('^) 

We  shall  now  have  for  the  force  acting  on  the  matter  in  an  an- 
nular space  of  radius  r,  radial  depth  dr  and  length  /, 

27rwr   inlmrdr     ^T^Mt^dr 
^^i  =  3928  ■     3928    ""     ^3928'    ' 

The  intensity  of  this  force,  or  the  dynes  pressure  per  unit  of  area 
at  distance  r  from  the  axis  is 

dFy^  27tn^rdr 

And  by  integrating,  we  obtain 

Or,  if  we  call  G  the  number  of  grams  of  matter  in  a  unit  of  lengfth 
of  the  cylinder  of  radius  7?, 

Comparing  equations  (5)  and  (14),  we  note  that 

P 
^=i.5i3X  ioVi^»  (15) 

which  means  that  the  hydrostatic  pressure  in  the  interior  of  a  con- 
ductor at  any  distance  r  from  the  axis  when  carrying  /  electromag- 
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netic  units  of  current  is  1.513  x  10^  times  the  pressure  in  this 
conductor,  having  G  grams  of  matter  per  unit  length,  due  to  gravi- 
tational attraction  alone. 

If  we  compare  equations  (10)  and  (12),  we  note  that  the  attrac 
tion  due  to  the  electric  current,  which  would  act  on  a  unit  length  of 
a  unit  current,  is  of  the  same  nature  and  in  the  same  direction  as  the 
gravitational  attraction  which  would  act  on  a  gram  of  matter,  but 
3,928  times  as  great,  the  number  of  units  of  current  per  unit  of  cross- 
section  of  the  conductor  being  equal  to  the  number  of  grams  of 
matter  per  unit  of  cross-section  in  a  unit  of  length  of  the  cylinder. 

Graphs. 

The  leading  features  respecting  the  forces  discussed  above  are 
summarized  in  the  curves  shown  in  Fig.  9.  The  curves  in  full  line 
apply  to  the  cylindrical  conductor  which  is  shown  in  cross-section 
in  full  line.  The  curves  in  broken  line,  and  the  curve  2  apply  to 
the  conductor  shown  in  broken  line,  having  one  half  the  diameter 
of  the  first  conductor.  In  both  cases,  the  larger  and  smaller  con- 
ductor are  supposed  to  carry  the  same  current.  Curve  i  gives  the 
intensity  of  the  field  in  the  interior  of  the  conductor.  Curve  2,  the 
intensity  of  the  field  exterior  to  the  conductor.  Curve  5,  expresses 
the  pressure  in  dynes  per  square  centimeter.  This  pressure  is  a 
maximum  at  the  center  and  zero  at  the  circumference.  At  one 
quarter  of  the  distance  from  the  center  to  the  circumference,  the 
pressure  has  diminished  but  6j^  per  cent.  —  a  fact  having  impor- 
tance in  certain  practical  constructions. 

When  the  conductor  is  diminished  in  diameter  to  one  half,  its 
area  is  one  fourth  and  the  current  density  is  increased  four  times, 
hence  it  follows  from  equation  (6)  that  the  pressure  at  the  center  is 
increased  four  times.  This  is  shown  by  curve  6.  The  intensity 
of  the  field  in  the  inside  of  the  conductor  is  doubled,  curve  4. 
On  the  outside  of  the  conductor,  the  intensity  of  the  field  is  not 
altered  beyond  the  radius  of  the  larger  conductor,  curve  2 ;  but 
in  the  space  outside  the  smaller  and  inside  the  larger,  there  is  a  field 
the  intensity  of  which  is  given  by  curve  3. 

From  what  has  been  given,  the  following  deductions  are  easily 
made. 
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Suppose  a  conductor  to  have  originally  a  radius  R.  Imagine  the 
conductor  to  contract  in  cross-section  until  its  radius  becomes  aR, 
a  being  a  number  less  than  unity.     Further,  assume  the  conductor 


'i^HiiiiiiBiniyill 
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Fig.  9. 

to  always  carry  the  same  total  current  /  and  to  preserve  a  circular 
cross-section.  Let  a  portion  of  the  length  of  the  conductor  be 
called  /.  Then  the  total  number  of  lines  of  force  in  the  interior  of 
a  length,  /,  of  the  conductor  is  given  by  the  expression 
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rR 
rdr  =  //. 


Hence,  we  conclude  that,  however,  the  conductor  may  change  in 
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diameter,  the  total  number  of  lines  of  force  in  its  interior  remains 
the  same,  provided  the  current  is  always  the  same,  and  that  per 
unit  length  of  the  conductor  the  total  number  of  lines  of  force  in 
the  conductor  is  numerically  equal  to  the  current  in  electromagnetic 
measure. 

An  inspection  of  curves  2  and  3  shows  that  when  the  conduc- 
tor contracts  from  a  radius  7?  to  a  radius  aR^  the  current  remaining 
the  same,  lines  of  force  are  developed.  These  all  lie  in  the  medium 
around  the  conductor  and  their  number  per  length  /  of  the  conductor 
is  given  by  the  expression 

X^dr  I 

^-  =  2// log.-.  (17) 

From  this,  it  follows  that  the  total  number  of  lines  exterior  to  the 
conductor  is  increased  when  the  conductor  diminishes  in  diameter, 
and  as  the  number  inside  the  conductor  remains  the  same,  we  con- 
clude that  the  coefficient  of  self-induction  of  a  small  wire  is  greater 
than  that  of  a  large  wire. 

It  may  be  further  concluded  that,  if  the  current  be  maintained 
constant,  when  the  conductor  diminishes  in  diameter,  electromagnetic 
energy  is  stored  up  in  the  medium  around  the  conductor. 

It  may  be  shown  that  the  electromagnetic  energy  in  the  interior 
of  a  length  /  of  the  conductor  is  given  by  the  expression 

Thus  the  energy  stored  in  the  conductor,  as  well  as  the  number  of 
lines  of  force,  is  independent  of  the  diameter  of  the  conductor. 
When  the  conductor  contracts  from  radius  R  to  radius  aR^  the 
energy  added  to  the  medium  is  stored  in  the  space  occupied  by  the 
conductor  previous  to  its  contraction  less  the  space  occupied  by  the 
conductor  after  its  contraction.  The  energy  so  added  per  length  / 
of  the  conductor  is  given  by  the  expression 

^.-/vr^=//Mogi.  (19) 

The  above  expressions  (16),  (17),  (18)  and  (19)  are  given  without 
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proof,  for  they  may  be  readily  obtained  from  the  facts  stated  above; 
and  the  energy  relations  given  by  Maxwell. 

Adding  Pressures  in  Series. 

The  writer  soon  perceived  that  to  obtain  forces  of  sufficient  mag* 
nitude  to  be  useful  in  practical  applications  means  should  be  devised 
whereby  the  internal  pressure  at  one  point  in  a  conductor  might  be 
added  to  that  in  another  point  and  so  on.     This  result  may  be 
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Fig.   10. 


attained  as  follows  :  A  cylindrical  conductor  is  constructed  which 
consists  of  alternate  strata  of  solid  and  liquid,  as  copper  and  mer- 
cury. This  heterogeneous  conductor  is  tightly  encased  in  a  tube  of 
insulating  or  high  resistance  material.  In  each  of  the  solid  portions 
of  the  conductor  small  tubes  of  insulating  material  are  placed  in  a 
manner  to  connect  the  axis  of  one  liquid  layer  with  the  circumfer- 
ence of  the  next  liquid  layer.  This  forms  a  continuous  passage 
which  goes  in  steps  from  the  axis  to  the  circumference  of  each  liquid 
portion.     A  tube  from  one  end  of  this  conductor  connects  with  a 
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reservoir  of  the  liquid 
and  another  tube  of  glass 
is  raised  from  the  other 
end  of  the  conductor 
which  connects  with  the 
end  liquid  layer  and  in 
which  the  liquid  may 
rise.  Heavy  copper  ter- 
minals lead  the  current, 
which  may  be  direct  or 
alternating,  in,  and  out 
of,  the  compound  con- 
ductor. When  the  elec- 
tric current  flows,  the 
pressures  produced  at 
the  axes  of  the  liquid 
portions  of  the  conductor 
add  in  series  and  the 
liquid  may  be  thus  raised 
to  useful  heights  in  the 
glass  tube.  Fig.  10 
shows  in  section  such  a 
contrivance  which  it  is 
evident  might  serve  as  a 
direct  or  alternating  cur- 
rent ammeter  of  lai^e 
capacity.  A  construction 
similar  to  that  described 
was  made  and  operated, 
and  is  a  useful  alternat- 
ing current  ammeter. 

Fig.  II  shows  another 
embodiment  of  the  same 
principle.  This  appa- 
ratus was  constructed 
and  the  calculated  height  of  about  22  cm.  to  which  the  colored  water 
would  rise  in  the  tube  with  600  amperes  was  practically  attained. 
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It  should  be  noted  that  the  hydrostatic  pressure  obtained  is  inde- 
pendent of  the  axial  length  of  the  liquid  strata,  while  the  heat  devel- 
oped by  the  current  is  directly  as  this  length.  With  this  consider- 
ation in  mind,  the  axial  lengths  of  the  liquid  portions  of  the 
apparatus  shown  in  Fig.  ii  were  afterwards  reduced  to  1.6  milli- 
meters each.  The  pressure  was  not  lessened  and  the  efficiency  or 
cool  running  was  greatly  improved.  The  theoretical  pressure  or 
height  of  mercury  that  may  be  obtained  in  any  particular  case  may 
be  deduced  easily  from  the  curves  (Fig.  9),  or  calculated  from  the 
expression 

i.  =  nAI^^  (20) 

which  is  derived  from  equation  (6),  when  r  =  o,  nB?  =  A^  the 
cross-section,  /j  =  the  current  density  and  n  =  the  number  of  times 
the  pressures  at  the  axis  are  added  in  series. 

If  C  is  the  current  density  per  square  cm.  expressed  in  amperes 
and  g^  is  the  pressure  in  pounds  per  square  cm.  and  A  is  the 
cross-section  in  square  cm.  the  expression  (20)  takes  the  form 

nAC^ 
^^      44479100*  ^^^^ 

In  the  apparatus  shown  in  Fig.  1 1,  ;i  =  10,  ^  =  1.2,  C^  =  250,000, 
which  corresponds  to  nearly  600  amperes  in  the  conductor. 
Whence  we  get  g^,^ -067  lb.  per  square  cm.  or  .432  lb.  per 
square  inch.  This  pressure  should  give  a  rise  of  .88  inch  of 
mercury  or  about  11.9  inches  of  water.  The  rise  obtained  with 
600  amperes  in  the  apparatus  of  Fig.  1 1  was  about  9  inches,  but 
this  lessened  height  is  due  to  the  fact  that  the  mercury  itself  had 
to  raise  some  to  produce  the  rise  in  the  water.  The  point  to  note, 
however,  is  that  with  600  amperes,  the  apparatus  runs  cool.  Hence 
we  can  conclude  that  with  a  heterogeneous  conductor  of  one  half 
inch  diameter  and  made  up  of  1,000  cells,  or  mercury  sections  of 
say,  I  mm.  length  each,  we  could  obtain  with  600  amperes  the 
large  pressure  of  43.2  lbs.  per  square  inch,  and  this  without  iron 
in  the  circuit.  This  pressure  would  sustain  a  column  of  mercury 
over  seven  feet  high. 
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Some  Final  Remarks. 

One  is  naturally  led  to  inquire  if  the  recognition  of  this  force 
that  exists  in  the  interior  of  electric  conductors  and  the  establish- 
ment of  its  laws  of  action  is  likely  to  result  in  new  and  useful  appli- 
cations. It  is  quite  certain  that  this  force  which  depends  only  on 
the  square  of  the  current  and  linear  dimensions  may  be  used  as  an 
accurate  measure  of  the  current,  either  direct  or  alternating.  As 
the  forces  can  be  enhanced  by  a  proper  disposition  of  iron  in  the 
heterogeneous  circuit,  motors  without  brushes  or  slip  rings  may  be 
made  operative.  And  remembering  that  power  is  the  product  of 
current  and  electromotive  force,  it  is  not  impossible,  even  if  large 
operative  currents  are  required,  that  fair  efficiencies  may  be 
obtained. 

Further  thought  along  an  engineering  line  may  bring  about 
developments  of  a  unique  and  useful  character. 
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THE   DETERMINATION   OF    POTENTIAL   BY  CARBON 

PENCILS. 

By  C.  D.  Child. 

AN  investigation  of  the  determination  of  the  potential  of  hot  gases 
by  carbon  pencils  has  shown  that  error  may  often  be  intro- 
duced when  measurements  are  made  by  this  means.  Such  errors 
appear  to  have  been  made  by  the  present  writer  in  the  work  on  the 
magnetic  deflection  of  the  arc  *  and  possibly  by  Stark,  Retschinsky 
and  Schoposchnikoff^  in  their  work  on  the  relative  velocities  of  the 
ions  of  the  carbon  arc.  The  phenomena  which  give  rise  to  these 
errors  may  be  described  as  follows. 

Potential  Difference  between  hot  Carbon  and  surrounding  Bodies, 
It  has  already  been  shown  by  the  present  writer  that  when  the  tem- 
perature of  carbon  in  air  is  gradually  raised,  it  first  discharges  posi- 
tive electricity  but  not  negative,  that  secondly  it  discharges  both 
positive  and  negative,  but  the  positive  in  greater  amount,  and  finally 
that  it  discharges  negative  more  readily  than  positive  In  the  simi- 
liar  case  with  hot  platinum  wire  it  was  shown  by  Elster  and  GeiteP 
that  if  there  was  no  external  E.M.F.  between  the  hot  wire  and  a 
neighboring  insulated  body,  the  wire  was  positive  as  compared  with 
the  other  body,  when  it  first  became  luminous  and  negative  when  it 
became  white  hot.  It  seemed  probable  that  the  same  thing  would 
occur  with  carbon. 

To  test  this  a  carbon  pencil,  1.6  mm.  in  diameter,  was  placed  in- 
side an  insulated  brass  cylinder  2  cm.  in  diameter.  The  pencil  was 
heated  by  passing  a  current  through  it.  A  high  resistance  shunt 
was  placed  about  the  pencil  and  the  middle  of  this  shunt  was  con- 
nected to  one  pair  of  the  quadrants  of  an  electrometer  and  the 
cylinder  to  the  other  pair.     When  the  pencil  first  became  luminous, 

»Phys.  Rev.,  20,  100. 
«  Drude's  Ann.,  18,  230. 
»Wied.  Ann.,  31,  109. 


No.  6.]  DETERMINATION  OF  POTENTIAL,  499 

it  was  negative  as  compared  with  the  cylinder,  and  when  white  hot, 
it  was  positive.  It  varied  approximately  from  minus  four  to  plus 
three  volts.  Thus  it  may  happen  that  in  some  cases  the  hotter  of 
two  carbons  will  be  positive  as  compared  with  the  cooler,  while  in 
others  it  will  be  negative.  When  one  is  red  hot  while  the  other  is 
non-luminous,  the  hotter  will  be  negative.  When  one  is  white  hot 
while  the  other  is  either  cool  or  red  hot,  the  hotter  will  be  positive. 

When  potential  is  measured  by  hot  carbon  pencils,  error  may  be 
introduced  by  overlooking  either  of  two  phenomena  ;  one,  that  at 
certain  temperatures  carbon  discharges  positive  electricity  the  more 
easily,  while  at  others  the  negative  is  more  easily  discharged ;  the 
other,  that  there  is  an  E.M.F.  between  carbons  of  different  tempera- 
tures and  that  in  some  cases  the  hotter  will  be  positive,  while  in 
others  it  will  be  negative. 

Magnetic  Deflection  of  the  Arc,  —  Let  us  consider  the  bearing  of 
these  facts  on  the  experiment  of  the  magnetic  deflection  of  the  arc 
to  which  reference  has  been  made.  It  was  apparently  shown  in 
that  article  that  when  the  arc  was  deflected  to  one  side  by  a  magnet, 
the  side  toward  which  it  moved  assumed  a  higher  potential  than  the 
opposite  one.  In  making  the  measurements  the  potential  was  de- 
termined by  placing  carbon  pencils  in  the  arc.  It  was  evident  that 
the  pencil  toward  which  the  arc  was  deflected  would  become  hotter 
than  the  other,  and  it  was  recognized  at  the  time  that  this  might  be 
the  cause  of  the  phenomena.  This  was  tested  by  blowing  the  arc 
to  one  side  by  a  draught  of  air  and  the  results  thus  obtained  were 
opposite  to  those  observed  with  deflection  by  a  magnet.  The  con- 
clusion seemed  evident  that  the  phenomena  were  not  due  merely  to 
differences  in  temperature. 

However,  such  a  conclusion  was  probably  incorrect.  At  that 
time  it  was  found  that  when  the  arc  was  blown  to  one  side  by  a 
draught  of  air  and  the  potential  difference  between  the  two  pencils 
measured  by  a  voltmeter,  errors  were  liable  to  be  incurred  because 
of  the  increased  resistance  between  the  two  pencils  when  one  was 
cool.  An  electrometer  was,  therefore,  substituted  for  the  voltmeter. 
This  electrometer  had  a  period  of  14  sec.  and  in  order  to  observe 
any  effect  it  was  necessary  to  keep  the  arc  blown  to  one  side  for 
some  time,  and  in  fact,  it  was  blown  entirely  to  one  side,  in  order 


500 


C  D,  CHILD. 


[Vol.  XXIV. 


that  there  might  be  no  question  as  to  which  carbon  was  the  hotter. 
Apparently  it  happened  that  when  the  arc  was  deflected  by  the 
magnet  both  pencils  remained  luminous  and  that  the  one  which 
was  very  hot  was  positive  as  compared  with  the  cooler  one,  but 
that  when  the  arc  was  deflected  by  draughts  of  air,  the  side  from 
which  the  arc  was  blown  was  not  luminous  and  the  other  was  lum- 
inous but  not  white  hot,  so  thai  the  hotter  pencil  in  this  case  was 
negative. 

In  order  to  test  this  further  the  experiment  with  the  arc  blown  to 
one  side  by  a  draught  of  air  was  repeated,  care  being  taken  not  to 
deflect  the  arc  more  than  a  slight  amount,  and  it  was  found  that  the 
effect  was  then  the  same  as  when  the  arc  was  deflected  by  a  mag- 
net. For  this  purpose  it  was  found  best  to  use  a  millivoltmeter 
with  a  needle  having  a  short  period.  With  this  the  arc  could  be 
deflected  and  the  effect  observed  before  the  pencil  had  become 
non-luminous. 

In  measuring  the  potential  differences  with-a  voltmeter  the  effects 
produced  are  largely  due  to  changes  in  conductivity  at  the  surfaces 

of  the  pencils,  since  the  resistance  of  the 
voltmeter  is  often  small  as  compared  with 
that  between  the  pencils.  This,  however, 
would  give  the  same  apparent  changes  in 
E.M.F.  as  the  real  changes  described 
above.  If  two  pencils  are  placed  in  the 
arc  and  connected  by  a  voltmeter,  it  is 
impossible  to  place  them  so  that  for  an 
appreciable  lengfth  of  time  there  will  be 
no  reading  of  the  voltmeter.  If  they  are 
placed  as  in  Fig.  i,  where  a  is  nearer  to 
the  positive  carbon,  a  will  have  a  higher 
potential  and  a  current  will  flow  through  the  voltmeter  from  a  to  b, 
a  is  here  receiving  positive  ions  from  the  arc  and  giving  negative 
ions  to  it,  b  is  receiving  negative  ions  and  giving  off  positive  ones. 
If  now  the  arc  were  to  be  deflected  slightly  to  the  right  a  will  be 
hotter  and  better  able  to  give  off  negative  ions,  while  b  may  not  be- 
come so  cold  as  to  change  appreciably  its  discharging  power.  The 
current  through  the  voltmeter  will  increase,  as  if  a  had  acquired  a 
higher  potential. 
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On  the  other  hand,  if  the  arc  is  deflected  to  the  left,  a  will  be 
less  able  to  discharge  negative  ions  and  the  voltmeter  will  read  less 
than  before,  as  if  the  potential  of  a  had  been  lowered.  So  that 
whether  we  consider  the  effect  which  the  temperature  has  on  the 
potential  of  the  pencils  when  we  use  an  electrometer,  or  its  effect 
on  the  conductivity  near  the  pencil  when  a  voltmeter  is  used,  the 
apparent  effect  due  to  the  change  of  temperature  is  the  same. 

Such  an  explanation  as  the  preceding  would  account  for  the  fact 
that  the  effect  which  had  been  observed  with  the  magnetic  deflec- 
tion was  less  apparent  with  arcs  between  cored  carbons,  or  with 
arcs  into  which  salts  were  introduced,  or  with  arcs  in  a  vacuum. 
In  each  of  these  cases  the  arcs  were  not  so  hot  and  probably  neither 
of  the  pencils  reached  the  temperature  where  they  gave  off"  negative 
ions  in  abundance.  In  a  vacuum  the  pencils  may  even  be  non- 
luminous  while  in  the  arc. 

Measurement  of  Potential  to  Determine  Relative  Velocities  of  Posi- 
live  and  Negative  Ions.  —  Passing  now  to  the  experiment  of  Stark, 
Retschinsky,   and    Schaposchnikoff) 
their  method  may  be  described   as  ^ 
follows.     If  there  is  uniform  ioniza- 
tion between  the  plates  A  and  B, 
Fig.  2,  and  if  a  potential  difference  * 
be   maintained    between    them,    the  -•• 
curve  indicating  the  potential  at  var- 
ious points   will  be   similar  to  the 
curve  acb.     If  the  ionization  is  the  pj     2 

same  on  both  sides  of  the  middle 

point  c,  and  if  the  positive  and  negative  ions  have  equal  veloci- 
ties, the  drop  in  potential  will  be  the  same  on  the  two  sides.  If, 
however,  the  negative  ions  have  the  greater  velocity,  other  con- 
ditions being  the  same,  the  drop  between  a  and  c  will  be  less  than 
that  between  c  and  b.  If  the  positive  ions  have  the  greater  velocity, 
the  drop  between  a  and  c  will  be  the  greater. 

The  writers  to  whom  reference  has  been  made  attempted  to  find 
the  relative  velocities  of  the  positive  and  negative  ions  by  placing 
two  small  graphite  pencils  on  opposite  sides  of  the  arc  and  between 
them  a  third  pencil  for  testing  the  potential.     All  of  these  were 
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near  enough  to  the  arc,  so  that  they  became  self-luminous.  The 
two  opposite  pencils  were  connected  to  an  E.M.F.  of  about  7  volts. 
By  this  means  they  found  that  the  drop  in  potential  at  the  negative 
pencil  was  the  greater  and  they  concluded  that  the  negative  ions 
moved  the  more  rapidly. 

It  is  possible,  however,  that  a  different  conclusion  should  be 
drawn  from  these  facts.  If,  as  before,  there  were  uniform  ioniza- 
tion between  A  and  B,  Fig.  2,  and  the  two  kinds  of  ionization  had 
the  same  velocities,  and  if  in  addition  there  was  ionization  at  the 
surface  of  A,  then  the  drop  in  potential  at  A  would  be  less  than 
than  that  at  B,  That  is,  the  positive  ions  coming  from  A  would 
neutralize  the  electrostatic  effect  of  the  negative  ones  coming  toward 
A,  Or  to  state  it  in  other  words,  the  conductivity  near  A  being 
increased,  the  potential  gradient  there  would  be  diminished.  A  simi- 
lar statement  may  be  made  concerning  the  effect  of  ionization  at  B, 

In  the  experiment  which  has  been  described  there  was  ionization 
not  only  in  the  arc,  but  also  at  the  surface  of  the  graphite  pencils. 
It  might  easily  be  complicated  by  these  phenomena.  This  would 
be  the  more  serious  in  this  case,  since  a  large  part  of  the  fall  of 
potential  between  the  graphite  pencils  occurs  near  the  pencils. 
This,  at  least,  is  the  condition  which  we  find  at  the  electrodes 
placed  in  a  flame,  especially  when  the  electrodes  are  much  cooler 
than  the  gas  between  them  as  they  are  with  the  arc.  Under  these 
conditions  a  slight  increase  in  the  conductivity  near  the  electrodes 
will  have  a  large  effect  on  the  drop  in  potential,  and  the  drop  may 
be  the  smaller  at  the  electrode  which  gives  off  the  greater  number 
of  ions  quite  irrespective  of  the  velocity  of  the  ions. 

It  is  possible  to  test  this  matter,  for  if  the  results  are  due  to  the 
ionization  at  the  surface  and  not  to  relative  velocities  of  the  ions,  we 
should  expect  the  drop  in  potential  at  the  positive  pencil  to  be  greater 
than  that  at  the  negative,  when  the  pencils  are  placed  near  the  center 
of  the  arc.  It  should,  however,  be  borne  in  mind  that  no  matter  how 
hot  the  point  of  the  pencil  may  be,  there  will  be  some  region  further 
from  the  center  of  the  arc,  which  will  be  just  hot  enough  to  give 
positive  ions,  but  not  negative,  so  that  to  have  a  preponderance  of 
negative  ions  given  off,  it  is  necessary  that  a  comparatively  large 
part  of  the  pencil  should  be  very  hot. 
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Method  for  Testing  this  Explanation,  —  The  apparatus  was 
arranged  as  shown  in  Fig.  3.  The^arc  occurs  between  A  and  i?, 
which  were  solid  carbons  1 2  mm.  in  diameter.  The  carbon  pencils 
a  and  b  were  inserted  in  or  near  the  arc,  the  two  being  approxi- 
mately equally  distant  from  the  center  of  the  arc.  These  were  3 
mm.  in  diameter.  A  potential  difference  was  maintained  between 
them  by  a  battery  C.  ef  is  a.  resistance 
shunted  between  a  and  d  and  d  was  the 
middle  point  of  this  shunt,  c  is  an  ex- 
ploring pencil  placed  in  the  center  of  the 
arc,  and  £  is  an  electrometer  for  deter- 
mining the  potential  difference  between 
d  and  c,  2?  is  a  reversing  key.  If  the 
greater  drop  in  potential  is  at  the  posi- 
tive pencil,  c  will  have  a  lower  potential 
than  d,  whichever  way  the  current  will 
be  flowing  through  the  arc  or  between  a 
and  6. 

The  experiment  was  first  performed 
with  a  direct  current  through  the  arc  of 
approximately  1 2  amperes,  and  a  poten- 
tial difference  of  1 3  volts  between  a  and 
6.  The  data  taken  are  given  in  the  fol- 
lowing table,  column  i  giving  the  distance  between  a  and  i  in  milli- 
meters, column  2  the  potential  difference  between  c  and  d  in  volts, 
the  sign  indicating  the  potential  of  c  as  compared  with  d.  The 
readings  given  in  the  table  are  the  average  of  four  readings,  both  the 
currents  through  the  arc  and  through  a  and  6  being  taken  direct 
and  reversed. 


DlsUnce  Between  Exploring 
Pencils,  a  and  6. 

Potential  Difference  Between 

c  and  d. 

30 

+  .4 

25 

+1.4 

15 

-1.9 

10 

-1.1 

5 

+1.0 

In  the  first  readings  the  exploring  carbons  were  so  far  from  the 
arc  that  they  were  non-luminous.     In  this  case  the  result  was  not 
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complicated  by  ionization  at  the  surface  of  the  exploring  carbon. 
This  would  indicate  that  the  positive  ions  had  a  greater  velocity  than 
the  negative.  This  was  consistent  with  what  had  previously  been 
observed,  when  studying  the  discharge  from  the  carbon  arc  to  a 
surrounding  cylinder.^  It  was  at  that  time  found  that  with  a  con- 
stant potential  difference  between  the  arc  and  the  surrounding 
cylinder  the  current  to  the  cylinder  was  only  one  half  as  great  when 
the  cylinder  was  positive  as  when  it  was  negative.  Here  with  a 
constant  current  we  find  the  drop  at  the  anode  to  be  greater  than 
that  at  the  cathode.  Both  of  these  phenomena  would  appear  to 
indicate  that  the  positive  ions  drawn  from  the  arc  move  more 
rapidly  than  the  negative. 

When  the  distance  between  the  exploring  carbons  was  1 5  mm., 
they  were  both  luminous.  The  drop  at  the  cathode  was  then  the 
greater.  This  is  in  agreement  with  the  results  obtained  by  Stark, 
Retschinsky  and  Schoposchnikoff. 

When  the  exploring  carbons  were  5  mm.  apart  the  drop  at  the 
anode  was  again  the  greater.  If  these  results  depend  only  on  the 
relative  velocity  of  the  positive  and  negative  ions,  they  would  indi- 
cate that  at  the  center  of  the  arc,  the  velocity  of  the  positive  ions  is 
greater  than  that  of  the  negative.  It  can  hardly  be  believed  that 
the  velocity  of  the  positive  ions  outside  the  arc  is  greater  than  that 
of  the  negative,  that  it  is  less  in  the  cooler  parts  of  the  arc,  and  that 
it  is  again  greater  in  the  center.  It  seems  more  probable  that  any 
effect  produced  by  the  relative  velocities  of  the  ions  is  masked  by 
the  ionization  at  the  surface  of  the  carbon  and  that  the  phenomena 
observed  is  due  to  the  relative  ease  with  which  the  different  ions  are 
given  off  at  different  temperatures. 

The  experiments  were  then  varied,  first  by  changing  the  poten- 
tial difference  between  a  and  ^  to  7  volts,  secondly  by  using  an 
alternating  current  for  the  arc,  and  third  by  using  an  alternating 
potential  difference  between  a  and  b.  In  all  of  these  cases  the  results 
were  of  the  same  general  character  as  those  given  in  the  table. 

When  cored  carbons  were  used  the  average  potential  at  c  was  at 
all  times  above  that  of  rf,  being  more,  however,  when  the  distance 
between  a  and  b  was  in  the  neighborhood  of  1 5  mm.  This  is  prob- 
»  Physical  Review,  12,  143. 
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ably  due  to  the  fact  that  with  cored  carbons  the  temperature  of  the 
arc  and  of  the  exploring  carbons  is  not  as  high  as  with  solid 
carbons. 

It  should  be  noticed  that  if  this  explanation  is  correct,  we  are  not 
at  any  time  measuring  the  true  drop  in  the  potential  at  the  different 
pencils,  for  the  middle  exploring  pencil  does  not  take  the  true 
potential  of  the  hot  vapor  in  which  it  is  placed.  It  shows  rather 
that  the  effects  are  too  complicated  to  admit  of  an  explanation 
depending  merely  on  the  relative  velocities  of  the  ions. 

One  might  think  at  first  that  the  difficulty  here  shown  could  be 
obviated  to  a  great  extent  by  taking  greater  potential  differences  be- 
tween the  exploring  carbons,  so  that  any  potential  difference  between 
the  middle  exploring  pencil  and  the  gas  would  be  negligible  as  com- 
pared with  other  potential  differences.  This,  however,  is  imprac- 
ticable, because  an  arc  would  start  between  the  exploring  pencils, 
if  a  large  potential  were  maintained  between  them. 

This  experiment  does  not  in  any  way  throw  doubt  on  the  valuable 
work  which  Stark,  Retschinsky,  and  Schoposchnikoff  performed  on 
the  relative  velocities  of  the  ions  in  the  mercury  arc,  for  in  that  case 
the  exploring  pencils  did  not  become  luminous,  nor  does  it  prove 
that  the  negative  ions  have  not  the  greater  velocity  in  the  carbon  arc. 
It  does,  however,  throw  doubt  on  the  certainty  of  their  method  of 
proof  and  leave  it  desirable  that  some  further  experiment  be  made 
on  the  subject. 

Measurement  of  the  Potential  of  the  Arc  Vapor,  —  The  measure- 
ments which  have  been  made  on  the  potential  of  the  vapor  of  the 
arc  and  on  the  drop  in  potential  at  the  anode  and  at  the  cathode 
must  also  be  subject  to  some  error,  because  of  this  E.M.F.  between 
the  vapor  and  the  exploring  carbon  pencil.  However,  it  does  not 
seem  probable  that  such  error  is  much,  if  any,  greater  than  the 
errors  which  are  know  to  exist.  As  far  as  is  known  to  the  present 
writer  no  attempt  has  been  made  to  determine  whether  such  error 
exists  and  no  investigation  has  been  made  of  the  effect  which  may 
be  produced  on  the  apparent  potential  of  the  arc  vapor  when  the 
exploring  pencil  is  inserted  for  different  distances  into  the  arc. 

Swintoris  Experiment  on  tlu  Relative  Velocities  of  the  Positive  and 
Negative  Ions,  —  It  is  also  a  question  whether  the  experiment  per- 
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formed  by  Swinton  ^  proves  anything  concerning  the  relative  velocity 
of  the  ions  of  the  arc  in  air.  He  describes  his  experiment  as  fol- 
lows :  "One  of  the  carbon  electrodes  was  made  hollow  and  was 
pierced  axially  by  a  small  hole,  and  an  insulated  Faraday  cylinder 
of  brass,  with  its  aperture  in  a  line  with  and  facing  the  aperture  in 
the  electrode,  being  fixed  inside  of  the  electrode.  The  insulated 
Faraday  cylinder  and  the  pierced  electrode  were  connected  together 
through  a  galvanometer,  and  it  was  found  that  when  the  opposite 
electrode  was  made  negative,  the  pierced  electrode  being  positive,  a 
negative  charge  was  imparted  to  the  Faraday  cylinder,  while,  if  the 
opposite  electrode  was  made  positive  and  the  pierced  electrode  was 
made  negative,  the  Faraday  cylinder  acquired  a  positive  charge." 

He  found  that  the  negative  charge  was  greater  than  the  positive 
and  from  this  concluded  that  the  velocity  of  the  negative  ion  was 
the  greater.  He  would  have  found  the  same,  however,  if  he  had 
placed  the  exploring  carbon  in  the  arc,  or  any  where  else  near  the 
arc,  instead  of  in  the  cylinder.  Ions  diffuse  in  all  directions  from 
the  arc  and  since  the  potential  difference  between  the  vapor  of  the 
arc  and  the  anode  is  greater  than  that  between  the  vapor  and  the 
cathode,  the  potential  difference  between  the  exploring  pencil  and 
the  anode  would  be  greater  than  that  between  the  pencil  and  the 
cathode,  whenever  it  was  placed  in  the  same,  position  with  reference 
to  the  cathode  as  it  had  previously  been  placed  with  reference  to 
the  anode. 

If  penetrating  anode  and  cathode  rays  were  given  off  by  the  arc 
which  could  be  studied,  they  would  give  indications  concerning  the 
velocities  of  the  ions  in  the  arc,  but  Swinton  has  himself  shown ' 
that  there  are  at  least  no  such  rays  which  penetrate  .00265  mm.  of 
aluminum,  and  we  have  no  evidence  whatever  that  there  are  any 
which  would  penetrate  even  a  millimeter  of  air.  It  seems,  there- 
fore, probable  that  the  phenomena  observed  by  Swinton  was  pro- 
duced by  the  diffused  ions,  and  that  these  indicated  nothing  con- 
cerning the  relative  velocities  of  the  ions  in  the  carbon  arc  at 
atmospheric  pressure. 

Summary,  —  We  may  summarize  by  saying  that  between  hot 

» Proc.  Roy.  Soc,  A  76. 
2 Phil.  Mag.  (6),  li,  829. 
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carbon  and  surrounding  bodies  there  is  an  E.M.F.  which  depends 
in  amount  and  sign  on  the  temperature  of  the  carbon  and  that  this 
E.M.F.  IS  liable  to  introduce  error  in  determining  the  potential  of  a 
hot  gas. 

Such  an  error  was  introduced  by  the  present  writer  in  an  article 
on  the  arc  in  a  magnetic  field.  In  all  probability  the  phenomena 
there  described  were  due  to  such  an  E.M.F.  It  also  seems  prob- 
able that  the  phenomena  observed  by  Stark,  Retschinsky,  and 
Schoposchnikoff  in  attempting  to  determine  the  relative  velocity  of 
the  ions  of  the  carbon  arc  in  air  were  due  to  this  cause  rather  than 
to  differences  in  the  velocities  of  the  ions. 

It  also  seems  probable  that  the  phenomena  observed  by  Swinton 
were  due  to  the  diffusion  of  the  ions  in  the  arc  and  not  to  any  anode 
or  cathode  rays.  So  that  some  definite  determination  of  the  rela- 
tive velocity  of  ions  in  the  carbon  arc  in  air  is  a  measurement  yet 
to  be  made. 

Colgate  University, 
February,  1907. 
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THE    HIGH    RESISTANCE   CONTACT  THERMO-ELEC- 
TRIC  DETECTOR   FOR   ELECTRICAL  WAVES.* 

By  L.  W.  Austin. 

IF  two  metals  standing  far  apart  in  the  thermo-electric  series  be 
so  brought  in  contact  that  their  contact  resistance  is  sufficiently 
high  and  if  the  surfaces  of  the  metals  are  of  such  a  nature  that  heat 
is  not  conducted  away  too  rapidly  from  the  point  of  contact,  then 
the  passage  of  electrical  oscillations  through  the  junction  will  produce 
direct  electromotive  forces  which  may  be  detected  in  a  galvanometer 
or  telephone  in  series  with  the  thermo-element.  The  principle  is 
extremely  simple  but  in  practice  it  is  found  that  there  are  very  few 
pairs  of  metals  which  give  suitable  contact  conditions.  If  the  con- 
tact is  of  too  low  resistance  the  heating  is  insufficient  and  if  the 
contact  is  too  loose  as  in  the  coherer  the  action  is  irregular,  and 
the  instrument  less  sensitive. 

On  account  of  its  extreme  position  in  the  thermo-electric  series 
tellurium  seemed  desirable  for  one  of  the  metals  and  it  was  tried 
with  a  large  number  of  others.  Fair  results  were  obtained  with 
several  of  the  more  easily  oxidized  metals  and  also  with  carbon 
but  with  all  these  the  action  was  irregular  and  adjustment  difficult. 
Finally  aluminium  was  fixed  upon  as  being  not 
only  the  most  sensitive  but  by  far  the  most  re- 
liable among  the  common  metals.  Silicon  has 
also  proved  very  satisfactory. 

The  instrument  has  been  made  in  three  forms. 
J    The  first  form  is  shown  in  Fig.  I.     2?  is  a  hard 


^^^'  ^*  rubber  support  at  the  top  of  the  upright  piece 

of  which  the  pointed  rod  of  aluminium  a  is  mounted.     ^  is  a  bead 
of  tellurium  melted  onto  the  tip  of  a  piece  of  brass  wire  the  latter 

» Briefly  described  in  a  letter  to  the  Electrical  Worid,  Vol.  XLVIII.,  p.  924, 1906. 
A  similar  detector  using  silicon  and  copper  was  independently  devised  by  G.  W. 
Pickard,  Electrical  World,  Vol.  XLVIII.,  p.  1003,  1906. 
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being  soldered  to  thd  top  of  the  spring  c.  The  closeness  of  the 
contact  between  a  and  b  is  regulated  by  the  screw  s,  A  second 
form  was  also  made  in  which  the  aluminium  is  in  the  form  of  a 
rod  fitted  in  bearings  and  rotated  slowly  by  means  of  a  pulley. 
The  tellurium  is  pressed  against  it  by  a  spring  as  before.  The  con- 
stantly changing  contact  point  seems  to  keep  the  conditions  more 
constant  and  does  away  with  any  necessity  of  readjustment  even 
when  heavy  atmospheric  discharges  have  passed  through  it.  The 
sensitiveness  is  about  the  same  in  the  two  types.  As  certain  por- 
tions of  the  tellurium  surface  seem  to  be  more  sensitive  than  others 
it  is  desirable  in  both  forms  to  have  the  point  of  contact  adjustable.* 


^•^1 


E 


V^i 


Fig.  2. 


Fig.  3. 


An  exhaustive  comparison  of  the  thermo-electric  receiver  with 
the  well-known  electrolytic  type,  extending  over  several  months 
and  including  some  long  distance  work,  showed  that  in  sensitive- 
ness it  compared  favorably  with  the  latter,  being  slightly  less  sensi- 
tive on  an  average  than  the  free  Wollaston  wire  electrode  type  but 
more  so  than  the  type  with  the  small  platinum  electrode  sealed 
into  glass.  The  comparisons  were  made  by  the  shunted  telephone 
method  in  which  the  loudness  of  the  signals  is  measured  by  the 
smallness  of  the  shunt  s  (Fig.  2)  across  the  telephones  necessary  to 
produce  silence.  The  telephones  used  were  of  the  ordinary  head 
type  and  had  a  resistance  of  about  1 200  ohms. 

In  the  figures  L  represents  the  inductance,  D  the  detector,  E  a 

'  A  third  form  in  which  the  contact  metals  are  tellurium  and  silicon  made  up  like 
form  one,  promises  in  some  respects  to  be  even  more  satisfactory  than  the  others. 
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condenser  of  about  0.05  m.f.  used  to  prevent  the  thermal  currents 
flowing  around  through  the  inductance,  Zis  the  telephone  and  / 
(Fig.  2)  is  a  choking  coil  preventing  the  oscillations  flowing  through 
the  telephone  circuit  when  the  shunt  s  is  closed,  B  (Fig.  3)  is  a 
tuning  condenser. 

Experiments  were  also  made  using  1 20  cycle  alternating  currents, 
various  alternating  potential  differences  being  applied  to  the  detector 
from  a  fall  of  potential  wire.  The  direct  currents  were  measured 
by  a  D* Arsonval  galvanometer  having  a  sensitiveness  of  about 
1.  io~*  amp.  per  mm.  of  scale.  The  results  are  shown  in  the  follow- 
ing table. 

Volts.  Galvanometer  Deflections, 

a.c.  mm. 

0.015  210 

.010  105 

.007  50 

.005  25 

.002  5 

.001  1 

The  resistance  of  the  detector  under  sensitive  conditions  varies 
between  1000  and  3000  ohms  therefore  the  alternating  current 
corresponding  to  a  deflection  of  i  mm.  lay  between  i.io"*  and 
3.10"^  amp. 

On  account  of  its  high  resistance,  in  working  with  high  frequency 
currents,  the  detector  is  not  placed  directly  in  the  oscillating  circuit 
but  is  shunted  across  the  inductance  as  shown  in  Figs.  2  and  3. 
Washington,  D.  C,    ^ 
January,  1907. 

>  The  contact  surfaces  should  be  cleaned  frequently  with  petroleum. 
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UPON  THE  CHEMICAL  NATURE  OF  THE  RADIUM 

EMANATION. 

By  L.  M.  Dennis  and  L.  F.  Hawley. 

RUTHERFORD,  Ramsay  and  Soddy  have  described  experi- 
ments made  upon  the  emanations  from  thorium  and  from 
radium  that  led  them  to  conclude  that  if  the  emanation  in  either 
case  is  due  to  the  presence  of  a  known  gas,  that  gas  must  be  a 
member  of  the  argon  group.  Rutherford  finally  decided,*  however, 
that  the  emanation  cannot  be  due  to  the  excited  activity  of  a  mem- 
ber of  the  argon  group  or  of  any  other  constituent  of  the  atmos- 
phere because  when  carbon  dioxide  is  passed  over  thoria,  the  amount 
of  emanation  is  the  same  as  when  air  is  substituted  for  the  carbon 
dioxide. 

Notwithstanding  this  statement  by  Rutherford  it  still  seemed 
possible  that  the  emanation  might  be  due  to  the  excitation  of  an 
atmospheric  gas  such  as  neon,  for  the  reason  that  it  is  by  no  means 
certain  that  the  carbon  dioxide  employed  by  Rutherford  was  wholly 
free  from  atmospheric  gases.  If  he  prepared  carbon  dioxide  from 
marble  and  an  acid,  the  gas  would  almost  certainly  contain  appreci- 
able amounts  of  air.  For  this  reason  it  seemed  desirable  to  repeat 
the  experiment  under  such  conditions  as  would  exclude  the  possibility 
of  the  presence  of  a  constituent  of  the  atmospheric  air,  with  the  aim 
of  ascertaining  whether  under  these  circumstances  the  amount  of  the 
emanation  is  the  same  as  when  air  is  present. 

The  radioactive  material  that  was  employed  in  the  measurement 
was  radium-barium  chloride  that  had  been  extracted  from  gummite 
and  uraninite  in  this  laboratory  and  had  been  fractionally  concen- 
trated by  repeated  precipitation  with  hydrochloric  acid  gas.  About 
0.1  gram  of  this  material,  possessing  an  activity  of  350  uranium 
units,  was  dissolved  in  water.  This  solution  was  boiled  to  free  it 
from  air  and  was  cooled  in  a  current  of  hydrogen. 

*  Radioactivity,  p.  226. 
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The  apparatus  employed  was  that  shown  in  Fig.  i.  The  Kipp 
generator  7"  was  first  filled  with  hydrogen  and  was  then  charged 
with  pure  zinc  and  with  dilute  sulphuric  acid  that  had  been  boiled 
and  cooled  in  an  atmosphere  of  hydrogen.  By  means  of  the  con- 
nections shown  in  the  drawing  an  atmosphere  of  pure  hydrogen  was 
always  maintained  above  the  acid  in  the  Kipp  apparatus.  An 
excess  pressure  of  hydrogen  in  the  upper  bulb  was  automatically 
relieved  by  the  escape  of  the  gas  through  mercury  in  the  beaker  H. 
Diminished  pressure  of  the  gas  above  the  acid  was  relieved  by 
momentarily  opening  the  stopcock  P.  With  the  aid  of  the  stop- 
cocks R  and  5  it  was  possible  to  pass  hydrogen  either  directly 


Fig.  I. 

through  the  measuring  tube  W  or  first  through  the  radium-barium 
chloride  solution  in  the  flask  L  and  then  through  W,  The  meas- 
uring tube  W  was  of  glass,  with  platinum  plates  A  connected  to 
platinum  wires  fused  through  the  walls  of  the  tube.  To  diminish 
the  effect  of  local  electrostatic  charges  on  the  glass,  the  outside 
surface  of  W  was  covered  with  tin  foil,  and  the  inside  surface  was 
coated  with  silver  ^  to  within  one  quarter  inch  of  the  platinum  wires. 
These  inner  and  outer  metallic  layers  were  grounded  by  the  wires 
N^  0  and  J.  The  battery  F  consisted  of  two  hundred  small  dry- 
cells,  giving  a  potential  of  about  190  volts.  By  means  of  the  switch 
V  the  battery  could  be  connected  either  with  the  lower  platinum 
plate  in  the  measuring  tube  or  with  the  movable  brass  bar  D  by 
means  of  which  the  needle  of  the  electrometer  was  charged.     One 

*  Heamann-Kflhling,  Anleitung  zum  Experimentieren,  p.  697. 


No.  6.]  CHEMICAL  NATURE  OF  RADIUM  EMANATION. 


513 


pair  of  quadrants  of  the  Dolezalek  electrometer  was  grounded ;  the 
other  pair  was  connected  with  the  upper  platinum  plate  and  also 
with  the  mercury  cup  M  through  which  it  could  be  grounded  by 
means  of  the  key  K,  The  electrometer,  the  measuring  tube,  and 
all  the  connections  between  them  were  screened  by  brass  wire  gauze 
which  is  represented  in  the  diagram  by  dotted  lines.  All  parts 
marked  E  in  the  diagram  are  ground  connections. 

In  making  the  measurements  the  radium-barium  chloride  solution 
was  first  placed  in  the  flask  L,  The  apparatus  was  then  cpnnected 
up  throughout  and  was  allowed  to  stand  for  three  days.  The  pas- 
sage of  hydrogen  through  L  was  then  begun  and  the  emanation  was 
led  into  the  tube  W,  After  the  amount  of  the  emanation  had  been 
measured,  hydrogen  was  passed  through  the  solution  in  L  until  the 
emanation  ceased  to  be  given  off.  5  was  then  closed,  R  was  opened 
and  hydrogen  was  passed  through  W  until  the  emanation  was  en- 
tirely removed  from  the  tube.  The  exit  tube  B  was  connected  with 
a  flue  to  prevent  the  escape  of  the  emanation  into  the  room.  The 
apparatus  was  then  allowed  to  stand  for  three  days,  after  which  in- 
terval it  was  found  that  the  excited  activity  on  the  walls  of  the  tube 
W  had  entirely  disappeared.  The  measurements  were  then  repeated 
in  the  manner  described  above.  After  a  series  of  such  measure- 
ments, the  hydrogen  generator  was  disconnected  at  Z  and  atmos- 
pheric air  was  used  instead  of  hydrogen.  The  measurements  ob- 
tained with  hydrogen  and  air  are  given  in  the  following  table,  the 
readings  in  the  table  being  scale  divisions  per  second. 


HydroiTCQ- 

Air. 

Hydroi^en. 

3.0 

8 

2.5 

2.5 

10 

2.0 

2.0 

11 

2.5 

3.0 

9 

3.0 

2.0 

12 

2.5 

2.0 

10 

2.0 

Air. 


9 

11 
8 
10 
10 
11 


Average  2.41 


9.9 


The  above  readings  may  be  regarded  as  indicative  of  the  amount 
of  emanation  if  one  assumes  that  the  conditions,  such  as  sensitive- 
ness of  electrometer,  proportion  of  emanation  to  total  gas,  etc.,  were 
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always  the  same.     The  constancy  of  the  readings  in  both  series 
appears  to  support  the  validity  of  this  assumption. 

The  ratio  of  the  average  of  the  results  in  hydrogen  to  the  aver- 
age of  the  results  in  air,  0.243,  closely  approaches  the  relative  con- 
ductivities of  the  two  gases  for  the  alpha-ray,  0.226.  If  the  amount 
of  emanation  were  appreciably  greater  in  air  than  in  hydrogen,  the 
ratio  obtained  might  naturally  be  expected  to  vary  more  widely  from 
that  of  the  relative  conductivities  of  the  two  gases.  Inasmuch  as 
this  resujt  was  not  obtained  the  above  experiments  would  seem  to 
support  the  statements  of  Rutherford  that  the  emanation  is  not  due 
to  the  excited  activity  of  a  constituent  of  atmospheric  air. 
Cornell  University, 
March,  1907. 
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THE  SCIENTIFIC  WORK  OF  DEWITT  BRISTOL  BRACE. 
By  Edward  L.  Nichols. 

PROFESSOR  BRACE  received  the  degree  of  doctor  of  philos- 
ophy twenty  years  ago ;  at  which  time  he  presented  to  the 
faculty  at  Berlin  a  thesis  upon  the  Magnetic  Rotation  of  the  Plane 
of  Polarization  of  Light}  His  career  as  a  scientific  investigator,  as 
indicated  by  published  work,  may,  however,  be  said  to  date  from 
1897.  For  twelve  years  no  scientific  paper  by  his  pen  had  ap- 
peared, and  for  this  long  period  he  had  been  isolated  in  a  sense 
which  only  those  can  realize  who  know  the  conditions  at  that  time, 
as  regards  physics,  in  the  regions  lying  beyond  the  Mississippi 
river.  His  paper  published  that  year  in  the  Philosophical  Maga- 
zine under  the  title  :  Observations  on  Light  Propagated  in  a  Dielec- 
tric Normal  to  the  Lines  of  Forced  showed  that  although  silent  he 
had  not  been  idle.  The  result  of  this  search  for  an  optical  effect 
of  the  magnetic  field  upon  light  moving  at  right  angles  to  the 
lines  of  force  was  negative.  That  the  effect  looked  for,  if  it 
existed,  must  necessarily  be  very  small  seems  to  have  been  fully 
recognized,  and  the  experiment  was  planned  with  this  fact  in 
mind.  The  magnet  employed  was  of  unusual  size  with  cores  8" 
in  diameter  and  36"  long,  carrying  650  pounds  of  wire  and  having 
a  total  weight  of  about  two  tons.  The  Faraday  effect  in  glass  was 
eliminated  by  sending  a  beam  of  light  through  two  cylinders  each  22 
cm.  long  and  placed  end  to  end  in  the  field,  and  reflecting  the  beam 
backward  upon  its  course  by  a  mirror  adjusted  so  as  to  be  parallel 
with  the  lines  of  force.  The  sensibility  of  the  apparatus  was  seri- 
ously vitiated  by  depolarization  due  to  accidental  double  refraction 
in  the  glass,  for  which  reason  in  the  final  experiments  a  tube  48  cm. 
long  containing  water  was  employed.  This  was  placed  between  the 
poles  of  the  electromagnet,  the  pole  pieces  being  50.7  cm.  by  8.7 

1  Wiedemann's  Annalen,  Vol.  26,  page  576. 
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cm.  A  beam  of  sunlight  was  passed  four  times  through  the  tube 
by  reflection  at  the  mirrors,  making  a  total  path  of  198  cm.  A  Lip- 
pich  half  shade  polarizer  served  to  polarize  the  ray  in  any  desired 
plane  with  respect  to  the  magnetic  field.  The  plane  of  polarization 
of  the  emerging  ray  could  be  determined  by  means  of  an  analyzer 
reading  to  .003  °  and  capable  of  detecting  with  certainty  changes  in 
the  plane  of  polarization  of  .01°.  No  effect  could  be  detected  even 
with  this  exceedingly  sensitive  apparatus,  indicating  entire  absence 
of  double  refraction  within  the  limits  of  observation.  The  conclusion 
was  that,  according  to  Maxwell's  view  of  the  state  of  polarization  and 
stress  in  such  a  medium,  the  pressure  at  right  angles  to  and  the 
tension  along  the  lines  of  force  affect  the  propagation  of  light  by  an 
amount  less  than  2  x  io~**il  for  a  C.G.S.  unit  of  intensity  per  cen- 
timeter. 

In  1899  Brace  brought  out  his  new  spectrophotometer,  in  which 
the  introduction  of  an  arrangement  such  as  the  Lummer-Brodhun 
body  is  rendered  unnecessary  by  the  very  simple  and  ingenious 
device  of  splitting  the  dispersion  prism  and  silvering  a  portion  of 
its  face  so  that  rays  from  the  two  collimators  entering  the  prism  in 
directions  symmetrical  to  the  section  will  issue  in  parallel  paths  and 
give  similar  spectra  suitably  located  for  comparison. 

Brace's  continued  interest  in  the  action  of  the  magnetic  field  upon 
light  is  indicated  by  his  next  paper,  which  appeared  in  190 1  and 
which  dealt  with  the  resolution  of  light  into  its  circular  components 
in  the  Faraday  effect.^  The  principle  established  by  Fresnel  that 
two  opposite  circular  vibrations  will  be  equivalent  to  a  linear  vibra- 
tion and  vice  versa,  which  that  investigator  had  verified  for  quartz, 
had  been  generally  accepted  as  the  explanation  of  the  Faraday 
effect.  Direct  experimental  confirmation  of  this  theory  was,  how- 
ever, lacking.  It  is  true  that  Brace  in  his  thesis  work  in  1885  had 
obtained  a  displacement  of  the  bands  when  one  of  the  two  interfer- 
ing rays  in  a  Jamin  refractometer  passed  through  a  cylinder  of  glass 
placed  between  the  poles  of  a  magnet,  the  two  rays  being  circularly 
polarized.  A  like  result  had  been  obtained  by  Righi,  Becquerel 
and  Cornu.     Experiments  by  the  interference  method  were,  how 

'Philosophical  Magazine,  Series  6,  Vol.  I.,  page  464. 
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ever,  not  regarded  as  conclusive  and  Brace  in  this  paper  undertook 
to  apply  the  more  direct  method  of  refraction. 

If  natural  light  is  broken  up  into  two  opposite  circular  compo- 
nents when  propagated  along  the  lines  of  force,  and  if  these  travel 
with  slightly  different  velocities,  a  linear  ray  moving  over  a  suffi- 
ciently long  path  along  the  lines  of  force  should  be  sufficiently  sep- 
arated as  to  direction  to  give  a  double  image.  By  a  series  of  total 
reflections  within  a  pair  of  glass  prisms  placed  in  the  field  of  a 
powerful  electromagnet,  the  necessary  conditions  for  resolution 
were  obtained  and  the  existence  of  the  two  circular  vibrations 
opposed  to  each  other  in  direction  was  established.  The  phenom- 
non  predicted  by  Fresnel  in  his  theory  and  demonstrated  by  him  in 
the  case  of  quartz  was  thus  found  to  hold  likewise  of  magnetic 
rotary  polarization.  The  demonstration  in  the  latter  case  is  of 
vastly  greater  experimental  difficulty,  requiring  a  very  long  path 
through  the  glass  and  a  powerful  field.  To  observe  the  separation 
of  the  rays  the  optical  conditions  must  be  very  carefully  preserved 
and  the  surfaces  at  which  the  successive  total  reflections  occur  must 
be  figured  with  great  accuracy.  The  attainment  of  a  definite  result 
in  this  experiment  is  indeed  to  be  regarded  as  a  notable  achievement. 

At  the  Denver  meeting  of  the  American  Association  for  the 
Advancement  of  Science  Brace  acted  as  chairman  of  Section  B  and 
in  the  following  year,  1902,  he  delivered  the  vice-president's  address 
before  that  section.  He  chose  for  his  subject  the  Group  Velocity 
and  the  Wave  Velocity  of  Ugkt  and  a  more  lucid  and  altogether 
admirable  semi-popular  presentation  of  a  difficult  subject  would  be 
hard  to  find. 

The  following  year,  1903,  marks  the  opening  of  the  most  impor- 
tant, productive  and  brilliant  period  of  the  scientific  activity  of  Pro- 
fessor Brace.  In  that  year  he  published  the  first  of  the  series  of 
three  papers  on  his  very  beautiful  and  ingenious  device,  the  sensitive 
strip  spectro-polariscope,^  an  instrument  which  makes  it  possible  to 
determine  the  plane  of  polarization  of  light  with  a  degree  of  accuracy 
hitherto  impossible  and  to  detect  traces  of  double  refraction  unob- 
servable  by  other  means.  The  second  paper  dealing  with  this 
method  of  studying  polarized  light  appeared  in  the  Physical  Review 

^  Philosophical  Magazine,  Series  6,  Vol.  2,  Page  1 61. 
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in  1904,  under  the  title,  Half  Sliade  Elliptical  Polarizer  and  Com- 
pensator} The  theory  of  the  instrument  was  further  developed 
in  a  paper  on  the  Errors  of  the  Half  Shade  Elliptical  Polarizer} 
The  new  instrument  found  immediate  application  in  a  series  of  bold 
attempts  to  detect  double  refraction  in  matter  moving  through  the 
ether.* 

The  negative  results  obtained  by  Michelson  and  Morley  in  their 
careful  experiments  upon  the  interference  of  light  in  the  direction  of 
the  earfh's  motion  and  at  right  angles  to  the  same  had  led  to  the 
suggestion  by  Fitzgerald  and  by  Lorentz  of  a  mechanical  action  of 
the  ether  upon  the  refracting  medium  such  as  to  counterbalance 
and  annul  the  effect  looked  for.  The  medium  used  in  Brace's 
experiments  was  water,  which  was  contained  in  a  trough  413  cm. 
loogi  15  cm.  wide  and  27  cm.  deep.  A  beam  of  polarized  sunlight 
was  sent  several  times  through  the  entire  length  of  this  body  of 
water  by  a  series  of  reflections,  the  total  path  being  756  cm.,  after 
which  it  passed  through  the  sensitive  strip  and  the  compensator  of 
the  polariscope  and  through  the  analyzing  nicol.  By  means  of  this 
exceedingly  delicate  device  the  slightest  trace  of  double  refraction 
in  the  medium  could  have  been  detected  and  any  such  effect  due  to 
motion  through  the  ether  would  show  itself  in  the  slight  change  of 
optical  condition  when  the  trough  was  placed  in  the  direction  of  the 
earth's  orbital  motion  and  then  at  right  angles  to  the  same.  No 
such  change  was  observed  and  when  the  instrument  was  set  to 
match  in  one  position  and  then  shifted  to  90°  no  variation  of  the 
setting  was  necessary  after  the  rotation.  Tests  of  the  sensitiveness 
of  the  method  showed  that  7.8  x  io~^  represented  the  greatest 
difference  in  velocity  or  in  index  between  the  two  components  of 
the  ray  which  could  exist  without  being  detected.  The  effect  which 
might  be  expected  under  the  theory  due  to  an  increase  in  density 
in  the  direction  of  the  motion  was  computed  to  be  about  1,600 
times  greater  than  the  smallest  effect  which  could  be  observed. 

Experiments  were  likewise  tried  with  glass  using  two  prisms 
cemented  end  to  end  and  giving  a  single  body  42  cm.  long  with 

•  Physical  Review,  Vol.  18,  page  70. 
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polished  ends.  These  end  surfaces  were  silvered  with  the  exception 
of  a  strip  at  the  top  and  bottom,  and  a  beam  of  light  from  the  polar- 
izer was  reflected  backwards  and  forwards  from  ten  to  eighteen 
times.  The  total  path  through  the  glass  was  from  420  to  756  cm. 
Difficulties  with  flexure  of  the  trough  necessitated,  however,  a  modi- 
fication of  this  arrangement  in  which  two  cylinders  of  flat  glass  each 
22.3  cm.  long  were  mounted  between  the  polarizing  and  analyzing 
systems.  The  greatest  difference  in  velocity  or  in  index  between 
the  two  components  which  could  exist  in  this  glass  was  found  to  be 

4.5  X  10-", 

whereas  the  contraction  in  the  medium  from  the  change  computed 
under  Rayleigh's  assumptions  should  have  been  fifty  times  greater 
than  that  which  could  have  been  detected.  The  conclusion  is  that 
the  contraction  hypothesis  cannot  explain  the  negative  results  of 
previous  experiments  and  that  if  the  ether  does  not  move  with  the 
matter  which  it  surrounds,  the  effect  of  the  relative  motion  on  the 
dimensions  of  a  substance  must  be  exceedingly  small. 

To  the  problem  of  the  ether  drift  Professor  Brace  devoted  two 
further  papers,  the  last  to  appear  before  his  death.  In  the  first 
of  these*  he  discussed  the  recent  theoretical  work  of  Larmor,  Lor- 
entz,  Poincare,  Hasenoehrl  and  Abraham  and  considered  the  possi- 
bility of  the  experimental  determination  of  a  quiescent  or  mobile 
ether.  Preliminary  tests  of  one  such  method,  in  which  he  used  a 
very  ingenious  combination  of  condensers  giving  the  Kerr  effect 
with  the  half  shade  elliptical  polarizer,  were  found  to  give  promise 
of  sufficient  delicacy  for  the  direct  comparison  of  the  velocities  of 
light  with  and  against  the  drift. 

The  second  of  these*  important  papers  is  entitled  The  Ether 
Drift  and  Rotary  Polarization.  Mascart,  who  studied  the  effect  of 
the  motion  of  the  earth  on  the  rotary  power  of  quartz,  found  that 
when  the  direction  of  the  ray  is  reversed  no  effect  upon  the  rotary 
power  as  large  as  one  twenty  thousandth  could  exist.  Rayleigh, 
who  repeated  the  work  in  1902,  found  that  reversal  of  the  ray  in 
the  direction  of  the  motion  of  the  earth  did  not  change  the  rotation 

1  Philosophical  Magazine,  Series  6,  Vol.  10,  page  71. 
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by  one  part  in  a  hundred  thousand.  By  substituting  oil  of  cara- 
way seed,  which  although  inferior  in  rotary  power  to  quartz  is 
free  from  the  optical  imperfections  of  the  latter  substance,  Brace 
succeeded  in  showing  that  the  effect  of  the  motion  of  the  earth  on 
the  rotation  of  the  plane  of  polarization  in  optically  active  media  is 
probably  less  than  one  part  in  10,000,000.  In  some  of  the  meas- 
urements the  ray  of  white  Ught  was,  by  means  of  a  suitable  series 
of  reflections,  sent  four  times  throughout  the  length  of  a  trough 
containing  the  oil  thus  securing  a  total  path  of  1,640  cm.  and  a 
total  rotation  of  21,300  degrees.  With  the  sensitive  strip  polari- 
scope  a  direct  change  of  one  one  hundred  and  twentieth  of  a  degree 
could  have  been  detected.  The  success  of  this  investigation,  which 
pushes  the  limit  beyond  which  the  effect  of  the  earth,  il  it  exist, 
must  lie,  probably  fifty  times  as  far  as  had  been  attained  by  any  pre- 
vious observer,  depends  upon  the  fact  that  by  sending  the  beam 
over  equal  and  opposite  paths  through  the  liquid  complete  neutral- 
ization of  the  rotatory  effect  is  obtained  whereas  the  effect  due  to 
the  earth's  motion  would  be  additive. 

The  experimental  difficulties  of  researches  of  this  character  are 
almost  undescribably  great  and  the  results  obtained  by  Brace  although 
uniformly  negative  are  to  be  accounted  among  the  greatest  achieve- 
ments in  modem  physics.  Those  of  us  who  have  had  the  pleasure 
of  listening  to  the  presentation  of  Brace's  papers  at  the  American 
Physical  Society  and  elsewhere  are  aware  that  the  published  results 
are  only  a  small  part  of  what  he  had  in  mind  in  his  attack  upon  the 
formidable  problem  of  the  ether  drift,  and  there  is  reason  to  believe 
that  but  for  his  premature  death  other  and  still  more  striking  and 
important  results  would  have  followed. 

In  addition  to  the  papers  already  considered  in  this  brief  sketch 
of  the  scientific  work  of  Professor  Brace  another  important  paper 
which  appeared  posthumously  in  the  Physical  Review^  should  be 
mentioned.  This  paper,  which  is  perhaps  the  latest  and  final  product 
of  the  scientific  activity  of  the  author,  is  on  the  Application  of  Spec- 
tral Bands  in  determining  Anomalous  Dispersion,  In  it  the  method 
of  determining  sudden  changes  in  the  index  of  refraction  of  a  medium 
by  noting  the  crowding  together  or  the  separation  of  the  dark  bands 
1  Physical  Review,  Vol.  21,  page  289. 
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observed  in  the  spectrum  of  two  systems  of  interfering  rays  is  fully 
developed  and  the  advantage  of  this  method  with  substances  such 
as  fuchsine  over  the  usual  prismatic  method  is  pointed  out  The 
actual  determination  of  the  existence  of  anomalous  dispersion  in 
many  cases  in  which  the  absorption  spectrum  indicates  its  presence 
is  of  great  importance.  This  method  when  properly  applied  will 
doubtless  add  greatly  to  our  quantitative  knowledge  of  the  subject. 
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12.  «*  The  Negative  Results  of  Second  and  Third  Order  Tests  of  the 

•  ^ther  Drift '  and  Possibly  First  Order  Methods."     (Phil. 

Mag.,  1905.)  10  1 

13.  **  The  '  iEther  Drift  *  and  Rotary  Polarization."     (Phil.  Mag., 

1905.)  14  3 

14.  **  On  Application  of  Spectral  Bands  in  determining  Anomalous 

Dispersion  and  Achromatic  Systems  of  Various  Types." 
(Phys.  Review,  1905.) 

15.  *<A  Repetition  of  Fizeau's  Experiment  on  the  Rotation  of  a 

Refracted  Ray  Produced  by  the  Earth's  Motion."     (Phil. 
Mag.,  1905.) 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  of  the  Thirty-seventh  Meeting. 

THE  Spring  meeting  of  the  Physical  Society  was  held  in  Washington, 
D.  C,  on  Friday,  April  19,  and  Saturday,  April  20,  1907.  In  the 
absence  of  the  president,  Mr.  A.  G.  Webster  was  made  chairman  of 
the  meeting. 

The  Friday  aflemoon  session  was  held  at  the  Cosmos  Club,  and  the 
Saturday  sessions  at  the  Bureau  of  Standards. 

The  Report  of  the  treasurer  for  the  year  1906  was  read  by  the  Secre- 
tary and  on  motion  accepted. 

Announcement  was  also  made  of  the  resignation  of  Mr.  Hallock  as 
treasurer  of  the  Society,  the  resignation  to  take  effect  on  July  i,  1907, 
and  of  the  election  of  Mr.  J.  S.  Ames  as  treasurer  for  the  remainder  of 
the  unexpired  term. 

It  was  moved,  and  carried  unanimously,  that  the  Society  express  its 
thanks  to  the  retiring  treasurer,  Mr.  Hallock,  for  his  long  and  faithful 
service  to  the  Society  since  its  founding. 

The  following  papers  were  presented  : 

1.  An  Exact  Formula  for  the  Mutual  Inductance  of  Coaxial  Solenoids. 
Louis  Cohen. 

2.  The  Mutual  Inductance  of  Coaxial  Solenoids.  E.  B.  Rosa  and 
Louis  Cohen. 

3.  A  New  Method  for  the  Absolute  Measurement  of  Inductance.  E. 
B.  Rosa. 

4.  Calibration  of  Calorimetric  Platinum  Resistance  Thermometers. 
H.  C.  Dickinson  and  E.  F.  Mueller. 

5.  Some  New  Measurements  with  the  Gas  Thermometer.  John  Kay 
Clement. 

6.  An  Accurate  Calorimeter.     W.  P.  White. 

7.  Temperature  Control  of  the  Cheltenham  Magnetic  Observatory. 
John  E.  Burbank. 

8.  Finding  Direction  by  Means  of  Submarine  Sound  Signals.  (Read 
by  title. )     Lucien  Ira  Blake. 

9.  The  Heat  of  Vaporization  of  Water.     A.  W.  Smith. 

ID.  The  Plan  and  Object  of  the  Terrestrial  Magnetic  Work  of  the 
Carnegie  Institution  of  Washington.     L.  A.  Bauer. 
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11.  The  Influence  of  Atomic  Weight  upon  the  Maxima  of  Absorption 
and  Reflection  Bands.     W.  W.  Coblentz. 

12.  The  Fluorescence,  Absorption  and  Magnetic  Rotation  Spectra  of 
Potassium  Vapor.     T.  S.  Carter. 

13.  A  Redetermination  of  the  Wave-lengths  of  the  Iron  Lines.  A. 
H.  Pfund. 

14.  An  Apparatus  for  the  Production  of  a  Rotating  Electric  Arc  under 
Heavy  Pressure.     W.  J.  Humphreys. 

15.  Some  Effects  of  Heavy  Pressures  on  Arc  Spectra.  W.  J.  Hum- 
phreys. 

16.  Absorption  and  Emission  Spectra  of  the  Salts  of  Neodymium  and 
Erbium.     J.  A.  Anderson. 

17.  The  Change  of  Phase  due  to  the  Passage  of  Electromagnetic  Waves 
through  Thin  Plates  and  the  Index  of  Refraction  of  Water  for  such  Waves 
with  Applications  to  the  Optics  of  Thin  Films  and  Prisms,  Wm.  R. 
Blair. 

18.  On  the  Measurement  of  the  Intensity  and  Damping  of  Hertzian 
Waves  in  Free  Air.     W.  P.  White. 

19.  Lecture  Experiment  on  Magnetically  Coupled  Systems.  A.  G. 
Webster. 

20.  Mercurous  Sulphate,  Cadmium  Sulphate  and  the  Cadmium  Stand- 
ard Cell.     Geo.  A.   Huleit. 

21.  A  New  Method  of  using  the  Ultra-violet  Microscope.  L.  J. 
Briggs  and  W.  T.  Swingle. 

22.  The  Eff*ect  of  the  Time  of  Passage  of  a  Quantity  of  Electricity  on 
the  Throw  of  a  Ballistic  Galvanometer.     F.  Wenner. 

23.  The  Operation  of  a  Direct  Current  Shunt  Wound  Motor  in  Syn- 
chronism with  a  Tuning  Fork.     R.  H.  Hough  and  F.  Wenner. 

24.  {a)  On  the  Final  Value  found  for  the  Ratio  of  the  Electrical 
Units,  V.  (6)  On  the  Methods  Available  for  the  Accurate  Determination 
of  V.     E.  B.  Rosa  and  N.  E.  Dorsey. 

25.  The  Simultaneous  Measurement  of  the  Capacity  and  Power- factor 
of  Condensers.    Frederick  W.  Grover. 

26.  On  the  Variation  of  Resistances  with  Atmospheric  Humidity. 
E.  B.  Rosa  and  H.  D.  Babcock. 

Ernest  Merritt,  Secretary, 

Treasurer's  Report  for  the  Year  1906. 
Receipts, 

Balance  brought  forward ^I>742.53 

Interest  on  balance ......  69.70 

Annual  dues,  including  exchange,  etc 1,742.30 

Arrears,  of  annual  dues, 41*50 

Initiation  fees 51.00 

Life-member  fees xoo.oo 

Total fo»747.o3          tZMl-^l 
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Expenditures, 

Paid  the  Physical  Review .    ^1,123.50 

Paid  Science  abstracts 556.00 

Secretary's  office      146.90 

Treasurer's  office 3i'5o 

Exchange 4«20 

Printing 54.70 

Total     .    .  |i,9i6.8o  ^1,916.80 

Balance  carried  forward 1,830.23 

^3*747.03 
Normal  Income,  approximately  as  above  : 

Interest  on  balance  including  life  fees %      75 ^oo 

Annual  dues 1,750.00 

Initiation  fees,  very  doubtful,  say 30.00 

Total  regular  income 11,855.00  |i>855.oo 

Annual  deBcit  over  income 61.00 

Regular  annual  expenditures  as  above  for  1906 ^1,916.00 

Wm.  Hallock, 

Treasurer. 
Columbia  University, 
April  19,  1907. 

The  Physical  Nature  of  Meteor  Trains.^ 
By  C.  C.  Trowbridge. 

PERSISTENT  meteor  trains  are  luminous  clouds  occasionally  formed 
by  meteors,  which  sometimes  remain  visible  for  many  minutes. 
There  have  been  numerous  cases  where  trains  have  been  visible  to  the 
naked  eye  for  three-quarters  of  an  hour,  and  bright  enough  to  be  seen  two 
hundred  miles  distant.  The  trains  are  usually  ten  miles  long  and  gradually 
expand  to  about  a  mile  in  diameter  and  are  evidently  self-luminous. 

Previous  Investigations  on  the  Subject. 

Meteor  trains  have  been  observed  by  many  astronomers  but  are  still 
regarded  as  an  unsolved  mystery.  But  few  papers  have  been  published 
on  the  subject,  other  than  those  which  are  merely  a  record  of  observations. 

J.  Ennis  has  described  seven  different  trains,  and  E.  E.  Barnard  has 
published  a  paper  relating  to  the  drift  of  five  trains  observed  at  Nashville, 
U.  S.  No  systematic  attempts  to  collect  the  records  together  appear  to 
have  been  made  heretofore,  yet  it  is  evident  that  a  large  store  of  useful 
scientific  information  concerning  the  earth's  atmosphere  lies  in  these 
records. 

The  Source  of  Data. 

The  observations  of  meteor  trains  have  been  made  chiefly  by  well- 
known  astronomers  at  astronomical  observatories,  who  have  recorded  the 

» Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
March  2,  1907. 
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facts  in  scientific  journals.  Most  of  the  records  have  been  since  1866. 
Some  of  the  astronomers  are  as  follows : 

In  England :  Herschel,  Denning,  Barkas,  Macgregor,  etc. 

In  the  United  States :  Twining,  Newton,  Young,  Barnard,  Oilman,  etc. 

The  records  are  very  complete  in  many  cases,  in  others  only  a  few 
important  items  are  given.  The  greater  part  are  trustworthy  and  scien- 
tific observations. 

The  facts  given  in  this  abstract  and  determined  by  a  comparative  study 
are  necessarily  of  the  nature  of  a  preliminary  report  but  they  are  of  suffi- 
cient interest  to  warrant  their  presentation  at  this  time.  About  175  ob- 
servations have  been  studied. 

Summary  of  the  Facts  Determined. 

Among  the  facts  determined  by  this  study  of  meteor  trains  are  the 
following : 

1.  Comparisons  of  drawings  and  descriptions  seem  to  show  that  meteor 
trains  often  fade  first  in  the  center,  or  that  the  luminosity  is  greatest  near 
the  outside  of  the  train. 

2.  The  meteor  train  resembles  in  a  number  of  respects  the  phosphor- 
escent afterglow  formed  in  an  electrodeless  discharge  tube,  since :  ( i ) 
The  rate  of  the  diffusion  of  each  is  of  the  same  order ;  (2)  the  afterglow 
persists  at  liquid  air  tempertures;  (3)  the  afterglow  under  some  circum- 
stances persists  for  nearly  20  minutes ;  (4)  both  appear  to  have  line  or 
narrow  band  spectra. 

3.  The  trains  assume  curious  shapes  apparently  owing  chiefly  to  air 
currents  at  different  altitudes  in  different  directions,  there  being  little 
if  any  downward  movement  apparent.  The  results  of  a  study  of  the 
meteor  train  drifts  at  great  altitudes  are  given  in  another  paper. 

4.  The  Duration  of  Meteor  Trains, 

The  time  that  a  meteor  train  remains  visible  depends  largely  on  the 
distance  between  the  meteor  and  the  observer.  Some  idea,  however,  of 
the  average  duration  can  be  had  from  the  following  facts.  In  a  list  ot 
meteor  trains  collected,  53  trains  having  a  duration  of  more  than  one 
minute  were  as  follows : 

6  remained  visible  over  40  minutes  (40-60  min.) 

7  **  "  "  20  •*  (20-40  min.) 
12  **  **  "  10  **  (10-20  min.) 
12      «'  **        .«      5      II       (  5_iOmin.) 

Thus  there  were  37  trains  which  remained  visible  to  the  naked  eye  from 
five  minutes  to  one  hour,  the  average  of  53  trains  being  14.8  minutes. 

5.  Color  of  Meteor  Trains, 

The  observations  on  the  color  of  meteor  trains  given  are  only  those 
where  very  definite  statements  regarding  the  persistent  train  were  made. 
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Thus  the  possibility  was  avoided  of  confusion  of  the  color  of  the  train 
proper  with  the  color  of  the  nucleus,  or  of  the  mass  of  sparks  which  some- 
times persists  for  a  few  seconds  in  the  track  of  a  meteor. 

The  colors  of  the  trains  observed  varied  considerably,  being  red,  orange 
yellow,  yellow,  green,  bluish,  silvery  and  white,  but  the  greater  part 
were  green  or  greenish  white.  The  colors  of  25  trains  seen  at  night  were 
as  follows : 

Red 1 

Yellow ; 1 

Green  (emerald  green  and  bluish  green) 12 

Blue  (bluish  and  greenish  blue)  4 

Silver  or  grey 4 

White ^ 

25 

In  several  cases  green  trains  changed  gradually  to  white,  and  in  one 
case  to  a  dull  reddish  white.     In  another  a  red  train  changed  to  bluish. 

Thus  out  of  25  trains,  12  are  green  and  11  either  bluish,  silver  or 
white.  If,  as  in  several  cases  observed,  the  trains  change  from  green  to 
white,  a  number  of  white  trains  are  to  be  expected  as  a  second  stage  or 
lower  degree  of  luminosity  of  an  originally  green  train. 

Eleven  other  trains  evidently  illuminated  by  sunlight  were  colored  as 
follows:  Red  2,  pink  3,  white  3,  light  blue  i,  white  changing  to  red  i, 
yellow  to  red  i.  These  colors  are  to  be  expected  in  the  case  of  trains 
shining  in  sunlight. 

6.   Altitude  of  Meteor  Trains, 

The  observations  on  the  height  of  meteor  trains  have  been  very  accu- 
rately made  in  a  few  cases  and  approximately  made  in  a  number  of  others. 
The  following  are  the  heights  of  ten  trains  that  have  been  computed,  the 
trains  having  been  observed  from  two  or  more  stations  widely  apart. 
The  figures  below  are  the  number  of  miles  above  the  surface  of  the  earth  : 
50,  75,  "over  60,"  54,  51,  58  (65  to  52),  77,  70,  59,  54.  The  aver- 
age of  the  heights  of  ten  trains  given  above  is  60.8.  It  is  evident  that 
trains  seldom  if  ever  occur  below  50  miles  or  over  70,  which  agrees  with 
a  statement  of  W.  F.  Denning.  In  this  zone  50  to  70  miles  above  the 
surface  of  the  earth.  We  must  expect,  therefore,  that  there  are  condi- 
tions which  are  favorable  to  both  the  formation  and  the  persistence  of 
the  mysterious  luminosity  of  the  meteor  trains.  The  condition  which 
is  most  important  to  electrical  discharges  and  glows  in  gases  is  pressure. 
We  may  therefore  look  to  the  pressure  of  the  atmosphere  prevailing  at 
50  to  65  or  70  miles  height  as  a  probable  condition  which  determines 
the  fact  that  meteor  trains  are  observed  at  that  height  only. 
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7.  Diffusion  of  Meteor  Trains, 

It  is  evident  that  the  lateral  expansion  of  the  train,  about  one  mile  in 
ten  minutes,  is  due  mainly  to  rapid  gas  diffusion  at  the  low  pressure  at 
the  altitude  of  60  miles.  Six  trains,  three  of  which  the  altitude  was 
measured  and  three  estimated  at  60  miles,  give  a  mean  rate  of  diffusion 
of  2.3  meters  per  second.  The  diffusion  of  the  afterglow  of  the  elec- 
trodeless  discharge  in  small  tubes  is  of  the  order  of  several  meters  per 
second.  Moreover,  the  calculated  diffusion  rate  of  air  and  a  gas  like 
CO,  at  o.  I  mm.  gas  pressure  (which  is  also  the  pressure  at  which  the 
afterglow  occurs  for  long  duration),  and  a  temperature  of—  150**  C.  is 
about  2  meters  per  second.  Therefore,  if  the  meteor  train  is  an  afterglow 
phenomenon  it  would  appear  as  if  the  pressure  of  the  atmosphere  at  60 
miles  might  be  about  o.  i  mm.  and  the  temperature  not  far  from  —  150^  C. 

On   Atmospheric    Currents   Above    Fifty    Miles    from    the 
Surface  of  the  Earth.^ 

By  C.  C.  TROWBRmcE. 

THE  systematic  study  of  meteor  trains  is  of  much  importance  to 
meteorology  because  it  is  the  only  means  by  which  atmospheric 
currents  at  very  great  altitudes  above  the  surface  of  the  earth  can  be 
studied.  The  drift  of  certain  trains  has  been  described  and  discussed  to 
some  extent  by  Newton  and  Barnard,  the  latter  has  described  five  trains 
seen  in  the  United  States  having  southeasterly  and  northeasterly  drifts, 
and  also  called  attention  to  the  importance  of  this  method  of  studying  the 
movements  of  the  atmosphere. 

The  writer  has  made  a  systematic  study  of  meteor  trains  chiefly  in 
order  to  find  an  explanation  of  their  long-enduring  luminosity  in  the 
light  of  recent  advances  in  physics.  The  investigation  has  necessitated 
the  making  of  a  catalogue  of  meteor  train  observations  which  has  not 
been  done  hitherto. 

Thus  far  about  sixty-five  observations  giving  meteor  train  drifts  have 
been  found. 

The  observations  when  tabulated  and  studied  add  considerably  to  our 
knowledge  of  the  movements  of  the  atmosphere  at  great  altitudes. 

Recently  much  has  been  accomplished  by  cloud  observations  and  by 
means  of  kites  and  balloons  provided  with  recording  apparatus,  but  at  far 
lower  heights  than  those  where  meteor  train  movements  occur.  The  limit 
to  which  kites  can  be  raised  is  about  three  miles,  and  while  cloud  observa- 
tions have  been  made  to  a  height  of  eight  miles,  the  usual  region  for 

1  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
March  2,  1907. 
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cloud  study  is  below  this  level.  In  a  few  cases  so-called  ice  clouds  have 
been  observed  at  a  considerably  higher  altitude. 

Balloons  with  recording  meteorological  apparatus  have  been  sent  to  an 
altitude  of  about  fifteen  miles,  but  the  usual  limit  for  successful  operation 
is  below  twelve  miles.  The  distribution  of  volcanic  dust  over  the  earth's 
surface  by  air  currents  has  served  as  a  means  of  information  concerning 
atmospheric  drifts  at  altitudes  at  the  equator  from  twenty  and  perhaps 
thirty  miles,  but  the  only  successful  studies  of  importance  in  this 
direction  are  the  well  known  facts  of  the  drifts  of  the  dust  of  Krakatoa 
following  the  eruption  of  that  volcano  in  1883  showing  a  westerly 
current  of  70  to  80  miles  per  hour  at  the  equator  at  an  altitude  probably 
between  20  and  25  miles  above  the  earth's  surface. 

Far  above  these  regions  lies  what  may  be  called  the  meteor  train  zone. 
This  extends  from  50  to  65  (or  perhaps  70)  miles  above  the  surface  of 
the  earth.  Of  the  hundred  or  so  meteor  trains,  chiefly  observed  in  Eng- 
land and  the  United  States,  in  the  catalogue  made  by  the  writer,  in  the 
case  of  over  sixty-five  the  drift  has  been  observed.  Of  these  sixty-one 
show  the  following  directions : 

Train*  seen  at  night.  Trains  seen  in  dayliglit  or  twiligfat.^ 

North 9 

Northeast 4 

East 11      Northeast 3 

Southeast 12      West 5 

South 7 

Southwest 4 

West 0 

Northwest 3 

Drift  in    two  strata    in    different  di- 
rections       3 

Total 53  ~8 

The  greatest  velocities  observed  were  as  follows:  In  one  case  125 
miles  per  hour  northward  drift  at  over  60  miles  altitude  above  New  Eng- 
land in  the  United  States,  and  in  another  61  miles  in  30  minutes  south- 
east drift  or  122  miles  per  hour  at  54  miles  altitude  above  England. 

It  is  seen  from  these  facts  that  the  drift  at  an  altitude  of  50  to  65 
miles  may  be  in  any  direction  in  northern  United  States  and  in  England, 
but  that  the  drift  toward  the  eastward  predominates. 

In  the  case  of  over  25  of  the  above  trains  the  rate  of  drift  in  degrees 
or  miles  was  recorded. 

It  has  generally  been  supposed  tliat  at  great  altitudes  above  the  surface 
of  the  earth,  in  the  northern  hemisphere,  there  would  be  a  steady  east- 
ward drift.     The  facts  determined  thus  far  from  a  comparative  study  of 

*  Some  evidently  below  50  miles. 
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meteor  train  drifts  clearly  show  that,  at  least  in  the  temperate  zone,  the 
drift  may  be  in  any  direction  but  predominating  toward  the  eastward. 

The  indications  are  that  there  are  superimposed  currents  of  different 
velocities  and  often  in  opposite  directions  in  zones  of  five  to  ten  miles 
depth ;  and  also  that  in  some  cases  in  one  zone  there  will  be  a  calm, 
while  directly  above  or  below  it  there  will  be  a  current  of  considerable 
velocity. 

On  November  14,  1866,  in  England  and  Scotland,  there  was  a  current 
to  the  south  or  southeast  shown  by  eight  out  of  ten  observations ;  and  on 
November  14,  1901,  the  drift  in  the  western  part  of  the  United  States 
appeared  to  be  north,  while  that  in  the  middle  and  eastern  portions  was 
towards  the  northeast. 

Calibration  of  Calorimetric  Platinum  Resistance 

Thermometers.^ 

By  H.  C.  Dickinson  and  E.  F.  Mueller. 

THE  problem  was  presented  of  measuring  the  difference  of  temper- 
ature between  the  inlet  and  outlet  of  a  flow  calorimeter  under 
conditions  requiring  thermometers  of  high  sensibility,  small  size  and  small 
time  lag.  Some  form  of  resistance  thermometer  seemed  to  offer  the 
greatest  promise  of  success  and  after  preliminary  experiments  a  pair  of 
such  thermometers  was  built  which  proved  to  be  so  reliable  and  so  adapted 
to  general  use  that  a  careful  study  of  them  was  made.  These  thermom- 
eters consist  of  four  leads  of  thin  sheet  copper  (.12  mm.),  two  of  them 
connected  to  a  coil  of  .02  mm.  platinum  wire  wound  on  a  flat  mica  strip, 
and  the  other  two  connected  together  for  compensation.  The  leads  and 
coil  are  enclosed  in  a  thin  copper  sheath  with  mica  insulation.  This 
finished  sheath  is  about  i  mm.  thick,  7  mm.  wide  and  15  cm.  long,  out- 
side dimensions. 

The  resistance  of  these  thermometers  is  approximately  30  and  40  ohms 
in  ice  and  steam  respectively,  temperature  equilibrium  is  established  to 
o**.ooi  in  3  or  4  seconds  and  the  water  equivalent  of  the  thermometers 
is  less  than  one  gram.  Comparisons  were  made  with  the  temperature 
scale  of  the  Bureau  of  Standards  by  means  of  four  primary  standard  mer- 
curial thermometers  at  30°,  40**,  50**,  60**,  and  70**.  These  comparisons 
showed  that  the  ^  of  the  Calendar  formula  is  constant  within  the  limits  of 
error  of  the  best  mercunal  thermometer  comparisons  between  o**  and  100**. 
The  values  for  the  two  thermometers  in  question  were  respectively  ^  = 
1.554  d:  .001^  and  ^=1.556^.002,  representing  a  probable  error 
(computed)  of  0*^.0005  at  50°  C.     It  is  therefore  shown  that  these  ther- 
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mometers  may  be  used  to  represent  the  mean  scale  of  the  Bureau  of  Stand- 
ards to  within  0*^.001  between  o**  and  100°. 

Since  this  factor  ^  may  be  taken  as  constant  it  might  be  equally  well 
determined  by  observations  at  a  single  sufficiently  well  known  point. 
For  the  establishment  of  such  a  point  it  was  decided  to  make  a  redeter- 
mination of  the  transition  temperature  of  sodium  sulphate  by  means  of 
these  calibrated  resistance  thermometers.  This  temperature  was  found  by 
Richards  and  Wells  to  be  32**. 383  C.  The  use  of  resistance  thermometers 
offers  some  decided  advantages  over  a  direct  determination  with  mer- 
curial thermometers  as  it  gives  a  scale  about  100  times  more  open.  The 
results  of  this  investigation  are  as  follows.  The  transition  temperature  of 
a  single  sample  of  sodium  sulphate  is  constant  to  within  o**.ooi  even  for 
considerable  changes  of  external  temperature ;  some  impurities  such  as 
sodium  chloride  may  lower  this  temperature  by  o**.ooi  for  .001  per 
cent.  The  transition  temperature  of  a  sample  of  *  *  Kahlbaum  * '  sodium 
sulphate  as  obtained  was  found  to  be  32^.380,  and  of  the  purest  samples 
obtained  by  recrystalization  and  preparation  by  different  methods  gave  a 
temperature  between  32*^.384  and  32*^.385. 

Absorption  and  Emission  Spectra  of  the  Salts  of 
Neodymium  and  Erbium.^ 

By  J.  A.  Anderson. 

AS  is  well  known,  some  of  the  rare  earths  give  three  kinds  of  spectra, 
besides  those  of  the  arc  and  spark. 
These  are : 

1.  Absorption  by  solutions. 

2.  Absorption  by  solid  salts  observed  when  white  light  is  diffusely  re- 
flected from  them. 

3.  Emission  by  solid  oxides  and  phosphates  when  heated  to  incan- 
descence. 

The  object  of  the  present  investigation  is  to  try  to  find  some  relation 
between  these. 

The  results  show  that  the  absorption  spectrum  of  the  solid  salts  changes 
with  temperature,  and  that  in  case  of  the  oxides  at  high  temperature  it 
becomes  identical  with  the  emission  spectrum,  hence  showing  not  only 
that  we  are  dealing  with  a  pure  temperature  radiation,  but  also  that  the 
two  spectra  are  due  to  the  same  vibrators. 

The  effect  of  raising  the  temperature  is,  in  general,  to  widen  the  ab- 
sorption bands,  and  a  similar  change  in  the  absorption  of  any  salt  is 
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produced  by  dissolving  it  in  water.  These  changes  may  be  explained  by 
assuming  that  all  absorption  is  caused  by  electrons  inside  the  metallic 
atom,  the  periods  of  which  depend  upon  the  distances  and  orientation 
of  the  other  atoms  in  the  molecule.  Anything  which  would  increase  the 
amplitude  of  the  swings  of  these  combined  atoms,  such  as  a  rise  in  tem- 
perature, or  the  presence  of  a  solvent,  would  cause  a  widening  of  the 
absorption  bands. 

Johns  Hopkins  University, 
April  4,  1907. 

The  Change  of  Phase  Due  to  the  Passage  of  Electromag- 
netic Waves  Through  Thin  Plates  and  the  Index  of 
Refraction  of  Water  for  such  Waves  with 
Applications  to  the  Optics  of  Thin 
Films  and  Prisms.     Part  2} 

By  Wm.  R.  Blair. 

THIS  paper  deals  with  the  last  part  of  the  above  subject,  the  first  or 
experimental  part  having  been  presented  at  the  November  meet- 
ing of  the  Society  in  Chicago. 

The  matter  to  be  presented  is  as  follows  : 

1.  A  summary  of  the  experimental  results  given  in  Part  i. 

2.  Theoretical  discussion  of  the  change  of  phase  due  to  the  passage 
of  electric  waves  through  thin  films  and  prisms  and  comparison  of  com- 
puted and  observed  results. 

3.  The  possible  bearing  of  this  work  upon  the  experiments  of  Johonnot 
and  others  on  thin  films  and  those  of  Kundt  and  Lampa  on  thin  prisms. 

Research  Obs., 

Mt.  Weather,  Va. 

Some  New  Measurements  with  the  Gas  Thermometer.^ 
By  J.  K.  Clement. 

ANEW  gas  thermometer  has  been  designed  and  built  in  the  Geo- 
physical Laboratory,  for  the  measurement  of  high  temperatures,  in 
which  a  conscientious  effort  has  been  made  to  reduce  the  magnitude  of 
the  errors  common  to  the  well-known  European  gas  thermometers.  The 
constant  volume  principle  and  the  thermoelement  as  the  medium  of  com- 
parison are  retained,  but  the  sensibility  of  the  instrument  has  been  in- 
creased until  the  error  of  an  individual  reading  is  less  than  the  error  in 
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the  corresponding  barometer  reading.  The  bulb  (lo  per  cent,  iridium, 
90  per  cent,  platinum,  200  c.c.  capacity)  is  suspended  in  an  air-tight 
bomb  by  means  of  which  the  pressure  outside  of  the  bulb  is  maintained 
nearly  equal  to  the  inside  pressure.  This  makes  it  possible  to  use  a  high 
initial  pressure — about  300  mm.  Hg.  — without  deforming  the  bulb  at 
high  temperatures,  and  thus  to  obtain  a  sensibility  of  about  i  mm.  of  the 
manometer  scale  per  degree  C.  without  diminishing  the  range  of  the 
instrument. 

By  taking  advantage  of  the  fact  that  the  increased  viscosity  of  the  ex- 
panding medium  (nitrogen)  due  to  rise  in  temperature  affects  only  the 
heated  portion  of  the  dead  space,  it  has  been  found  possible  to  reduce 
the  diameter  of  the  cold  portion  of  the  capillary  tube  which  connects 
the  bulb  with  the  manometer  tube,  to  0.5  mm.,  so  that  the  ratio  of  the 
volume  of  unhealed  space  to  the  volume  of  the  bulb,  vjy==*  0,001$, 
(Holborn  and  Day,  vj  F=  0.0046  ;  Jaquerod  and  Perrot,  vj  K=  0.018. ) 
The  entire  correction  for  the  unhealed  space  is  therefore  only  3.8*^  at 
1,000**  and  5.**  at  1,200°. 

One  of  the  most  formidable  obstacles  encountered  was  the  contamina- 
tion of  the  thermocouples  with  the  iridium.  To  overcome  this,  it  was 
found  necessary  to  use  a  heating  coil  of  very  pure  platinum  wire,  a 
nitrogen  atmosphere  outside  the  bulb,  and  to  cover  the  platinum-iridium 
bulb  with  a  very  viscous  glaze.  Notwithstanding  these  precautions,  the 
thermocouples  deteriorate  somewhat  when  heated  for  any  considerable 
time  at  temperatures  above  1,000°. 

Perhaps  the  most  important  source  of  error  which  has  been  overcome 
is  the  variation  of  temperature  along  the  bulb  itself  due  to  the  cooling  at 
the  ends  of  the  furnace  tube.  By  the  use  of  auxiliary  heating  coils  at 
cither  end  of  the  main  coil,  the  gradient  between  the  center  of  the 
bulb  and  either  end  of  it  has  been  made  less  than  0.5°. 

We  have  made  a  number  of  comparisons  between  this  instrument  and 
Pt-PtRh  thermocouples  from  300°  to  1,200°  at  intervals  of  25°,  in 
which  the  aggregate  error  from  all  sources  appears  to  be  well  within  1°. 
Time  has  not  yet  permitted  a  complete  series  of  melting-point  determina- 
tions, but  the  following  are  offered  tentatively,  subject  to  minor  changes 
when  a  sufficient  number  of  determinations  shall  have  been  made : 

Zinc,        418.4°  Greatest  deviation  from  the  mean,  =b  0.4°     15  determinations. 
Silver,      957.5°          **              **          **       "      "  1  determination. 

Gold,      1059.1°  •*  **  *«       •*      *•  1  «* 

Copper,  1080.2°  **  *•  "       •*      *«  ±0.5°     5  determinations. 
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Some  Effects  of  Heavy  Pressures  on  Arc  Spectra.^ 
By  W.  J.  Humphreys. 

ARC  spectra  of  a  number  of  metals  were  obtained  at  pressures  of  42, 
69,  and  loi  atmospheres.     A  Rowland  concave  grating  of  21^ 
feet  focal  length  was  used,  and  the  work  done  in  the  second  and  third 
orders  of  the  spectra.     The  compression  cylinder,  obtained  through  a 
grant  from  the  Rumford  Fund,  is  described  elsewhere. 
The  following  are  some  of  the  effects  noted  : 

1.  Reversals,  especially  in  the  shorter  wave-lengths,  are  much  more 
pronounced  and  frequent  under  heavy  than  under  light  pressures. 

2.  Pressure  seems  to  increase  the  widths  of  all  lines,  though  quite 
unequally.  Occasionally  lines  are  found  narrower  when  taken  under 
heavy  pressure,  but  apparently  this  is  due  to  decrease  in  exposure,  since 
in  these  cases  the  lines  are  rather  weak  with  gradually  fading  edges. 

3.  The  lines  of  the  carbon  and  cyanogen  bands  are  not  certainly  dis- 
placed even  at  the  highest  pressures. 

4.  The  wave-lengths  of  all  other  lines  examined  increase  approx- 
imately proportional  to  the  increase  in  pressure  up  to  the  highest  pres- 
sures used,  though  this  increase  or  shift  is  very  different  for  different  lines 
even  of  the  same  clement. 

5.  A  number  of  these  shifts  amount  to  approximately  half  an  Angstrom 
unit,  and  a  few  are  displaced  to  even  a  distinctly  greater  extent. 

6.  There  is  to  me  no  convincing  evidence  that  any  considerable  por- 
tion of  the  shift  is  due  to  anything  other  than  the  total  pressure. 

7.  The  extent  of  the  shift  of  a  line  is  practically  independent  of  the 
amount  of  material  used,  and  whether  or  not  it  is  reversed. 

8.  So  far  as  I  can  judge  from  the  scanty  data  on  the  Zeeman  effect, 
those  lines  which  are  strongly  separated  by  a  magnetic  field  have  corre- 
spondingly large  pressure  shifts,  and  conversely. 

9.  The  increase  in  wave-length  is  only  a  small  fraction  of  what  it 
would  be  if  the  luminous  particles  obeyed  the  same  laws  that  control  a 
Hertzian  oscillator. 

10.  The  intensities  of  titanium  lines  seem  to  be  invariably  increased  by 
pressure ;  while  iron,  in  this  particular,  behaves  very  irregularly.  Some 
of  its  lines  are  increased  in  intensity,  others  are  decreased,  and  a  number 
even  disappear. 

The  many  spectrum  negatives  used  in  this  work  were  obtained  by  the 
aid  of  the  large  spectroscope  and  the  pump  of  the  liquid  air  plant  of  the 
University  of  Virginia,  and  I  wish  to  thank  President  Alderman  and 
Professor  Smith  for  their  kindness  in  placing  this  excellent  equipment  at 
my  disposal. 
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An  Apparatus  for  the    Production  of  a  Rotating  Electric 
Arc  Under  Heavy  Pressure.^ 

By  W.  J.  Humphreys. 

IN  the  production  of  arc  spectra  under  heavy  pressure  it  is  necessary  for 
one  of  the  poles  to  rotate,  since  it  is  not  possible  at  pressures  of  fifty 
or  more  atmospheres,  at  least  with  ordinary  voltages  of  two  hundred  and 
fifty  or  less,  to  maintain  a  steady  arc  between  fixed  poles. 

The  apparatus  that  proved  efficient  for  this  purpose  consists  of  a  cylin- 
drical forged  steel  shell,  with  spherical  ends  terminating  in  short  exten- 
sions through  which  the  carbon  carriers  pass,  and  onto  which  attachments 
for  tightening  the  packing  around  these  carriers  and  for  moving  them 
endwise  are  screwed.  The  inside  diameter  of  the  shell,  which  is  one  and 
one  half  inche§  thick,  is  six  inches,  and  its  length  sixteen  inches.  One 
side  of  the  shell  carries,  at  its  middle,  a  thick  tube  onto  the  end  of  which 
is  screwed  a  cap  containing  a  quartz  window  cemented  in  place.  A  steel 
tube,  carrying  a  pressure  gauge  and  leading  through  a  moisture  separator 
provided  with  a  stopcock  to  a  compression  pump,  is  screwed  into  the 
shell  near  one  end.  The  carbon  carriers,  heavy  steel  tubes,  pass  through 
stuffing  boxes  at  the  ends  of  the  shell  and  are  easily  adjusted  lengthwise 
by  means  of  wheel-shaped  nuts  fitting  on  screw  threads  cut  some  four  or 
five  inches  along  their  outer  ends.  The  tube  that  carries  the  fixed  pole 
has  a  rod  for  the  current  running  along  it  axially  and  screwed  at  the 
outer  end  through  a  piece  of  ebonite  held  in  place  by  a  suitable  cap,  and 
passing  at  the  inner  end  through  a  block  of  mica.  The  space  between 
the  rod  and  the  tube  is  tightly  packed  with  ground  mica,  which  produces 
both  an  airtight  condition  and  electric  insulation.  The  rotating  pole, 
excentrically  touched  by  the  fixed  pole,  is  a  disk  of  carbon  as  large  as 
will  pass  through  the  packing  of  the  stuffing  box  —  about  an  inch  in 
diameter  —  suitably  mounted  on  the  end  of  a  rod  running  through  a  steel 
tube  similar  to  the  one  carrying  the  fixed  pole.  The  inner  end  of  this 
tube  has  an  iron  plug  through  which  the  rod  passes  in  a  loose  bearing. 
The  outer  end  is  provided  with  a  cap  through  a  part  of  which  the  rod 
passes  with  a  tolerably  close  fit.  The  end  thrust  of  this  rod  is  supported 
by  a  ball  bearing,  and  a  grooved  pulley  is  provided  near  this  bearing  for 
rotation.  Appreciable  air  leak  is  prevented  by  packing  the  space  between 
the  rotating  rod  and  steel  tube  with  Ceylon  graphite,  which  is  micaceous 
in  structure,  and  readily  blown  into  any  leaky  opening.  It  is  also  a 
lubricant  and  a  conductor,  both  desirable  qualities  in  this  case. 

•  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society* 
April  19-20,  1907. 


No.  6.]  THE   AMERICAN  PHYSICAL   SOCIETY,  535 

The  apparatus  worked  nicely  at  all  pressures  tried,  the  highest  being 
one  hundred  and  one  atmospheres. 

I  wish  to  thank  the  committee  of  the  Rumford  Fund,  American 
Academy  of  Sciences,  for  a  grant  that  met  most  of  the  expense  incident 
to  the  construction  of  the  above  piece  of  pressure  apparatus. 

The  Operation  of  a  Direct  Current  Shunt   Wound  Motor 
IN  Synchronism  with  a  Tuning  Fork.^ 

By  R.  H.  Hough  and  F.  Wenner. 

THE  work  here  reported  was  undertaken  as  a  first  step  in  a  problem 
in  alternating  currents  where  it  is  necessary  to  have  a  very  constant 
frequency  even  when  the  power  is  changed  by  as  much  as  i  or  2  k.  w. 
Several  different  machines  were  used  in  this  work  but  the  one  used  most 
was  a  5  k.  w.  Westinghouse  converter.  A  machine  sometimes  used  in 
connection  with  the  converter  was  a  J^  h.  p.  Edison  motor.  The  con- 
verter was  generally  used  as  a  motor  though  at  times  it  was  used  either 
as  a  dynamo  or  an  inverted  converter. 

Let  us  consider  the  case  where  the  regulation  is  effected  through  the 
dynamo.  On  the  shaft  of  the  motor  is  a  half  ring  commutator.  Two 
brushes  bearing  on  this  commutator  are  connected  to  the  terminals  of  an 
auxiliary  resistance  in  the  field  circuit  of  the  dynamo.  This  arrangement 
shunts  the  auxiliary  resistance  of  the  dynamo  during  one  half  of  each 
revolution  of  the  motor  armature.  This  increases  the  field  current  of  the 
dynamo  and  therefore  the  voltage  generated.  In  parallel  with  these 
brushes  is  a  contact  operated  by  the  tuning  fork  and  closed  during  one 
half  of  each  of  its  vibrations. 

When  the  phase  of  the  commutator  is  90**  behind  the  phase  of  the 
tuning  fork  the  auxiliary  resistance  is  shunted  during  three  fourths  of  each 
revolution  of  the  motor  armature  and  the  dynamo  generates  a  definite 
voltage  corresponding  to  this  phase  difference.  Now  if  due  to  any  cause 
whatever  the  speed  of  the  motor  is  decreased  slightly,  the  phase  difference 
continually  increases  (and  therefore  the  field  current  of  the  dynamo  and 
consequently  ihe  voltage  generated)  until  the  power  supplied  to  the  motor 
is  sufficient  to  keep  it  from  falling  below  sychronism.  Or  if  due  to  any 
cause  whatever  the  speed  of  the  motor  increases  slightly  the  phase  differ- 
ence continually  decreases  and  consequently  the  power  supplied  to  it. 
This  prevents  it  from  going  above  synchronism. 

In  the  above  arrangement  which  is  one  of  the  several  used  the  dynamo 
voltage  is  so  regulated  as  to  keep  the  motor  at  a  constant  speed.  When 
the  motor  is  not  loaded  the  dynamo  generates  a  constant  voltage  even 
when  its  speed  or  the  load  upon  it  is  changed. 
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The  Fluorescence,  Absorption,  and  Magnetic  Rotation 
Spectra  of  Potassium  Vapor.^ 

By  T.  S.  Carter. 

THE  red  fluorescence,  which  is  exhibited  by  the  vapor  of  metallic 
potassium  when  it  is  illuminated  with  a  beam  of  white  light,  was 
first  observed  by  Wiedmann  and  Schmidt.' 

The  metal  was  enclosed  in  a  glass  bulb  which  was  evacuated  and  sealed. 
The  bulb  was  heated  until  the  metal  was  vaporized,  and  upon  concen- 
trating a  beam  of  arc  or  sunlight  upon  the  vapor,  an  intensely  red  cone 
of  fluorescent  light  was  observed.  Examined  with  a  spectroscope  the 
spectrum  showed  a  band  in  the  red  whose  position  was  given  by  the 
observers  as  695-615. 

In  view  of  the  remarkable  properties  which  have  been  shown  by  the 
vapor  pf  metallic  sodium,  it  was  thought  very  desirable  to  take  up  the 
study  of  potassium  vapor  along  the  same  lines. 

The  vapor  has  been  studied  from  the  standpoint  of  its  absorption,  its 
fluorescence  when  excited  by  white  light  and  its  magnetic  rotation  of 
the  plane  of  polarization.  Photographs  of  all  these  spectra  have  been 
obtained. 

One  of  the  most  interesting  facts  brought  out  by  these  investigations  is 
the  almost  exact  similarity  between  these  spectra  and  the  corresponding 
spectra  which  are  shown  in  the  case  of  sodium  vapor. 

The  vapor  was  investigated  in  glass  bulbs  during  the  earlier  experi- 
ments, but  it  was  found  that  it  could  be  studied  to  much  greater  advan- 
tage in  a  highly  exhausted  steel  tube.  The  arrangement  of  apparatus  was 
the  same  as  that  made  use  of  in  the  work  on  sodium  vapor.' 

All  the  photographs  were  taken  with  a  grating  spectrograph  containing  - 
lenses  of  long  focal  length.  The  exposures  in  the  case  of  the  fluorescence 
spectra  were  from  two  to  three  hours.  About  fifty  lines  could  be  meas- 
ured upon  the  dividing  engine  and  their  wave-lengths  determined  by 
comparison  with  the  iron  arc.  These  lines  extend  from  wave-length 
6,300  to  6,770. 

The  absorption  spectrum  observed  with  the  vapor  in  a  sufficiently  dense 
condition  consists  of  an  immense  number  of  very  fine,  sharp  lines.  The 
wave-lengths  of  the  principal  lines,  which  extend  from  6,295  to  6,860, 
were  determined. 

When  the  negatives  of  the  fluorescence  and  absorption  spectra  are 
superimposed  the  principal  dark  emission  lines  of  the  former  coincide 
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3 The  Fluorescence  of  SodiuA  Vapor,  Phil.  Mag.,  Nov.,  1905,  R.  W.  Wood. 
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with  the  h'ght  absorption  bands  of  the  latter  throughout  the  plates. 
Although  there  are  a  great  many  more  lines  in  the  absorption  spectrum. 
The  magnetic  rotation  spectrum  which  is  shown  when  polarized  light 
is  passed  in  succession  through  magnetized  potassium  vapor  and  a  mica 
prism,  set  originally  for  extinction,  has  also  been  photographed  with  the 
same  apparatus.  The  magnetic  rotation  lines  are  very  sharp.  The 
spectrum  contains  about  eight  very  strong  lines  which  form  a  series,  the 
lines  being  nearly  equidistant  in  the  spectrum.  These  lines  are  repre- 
sented in  the  fluorescence  spectrum  and  are  due  to  the  very  strong 
absorption  lines.     In  all  about  twenty-five  lines  were  measured  up. 

The  Mutual  Inductance  of  Coaxial  Solenoids. 
By  E.  B.  Rosa  and  Louis  Cohen. 

VARIOUS  formulae  for  the  calculation  of  the  mutual  inductance  of 
coaxial  solenoids  have  been  given  from  time  to  time.  Although 
few  of  these  formulae  are  exact,  several  of  the  approximate  formulae  permit 
inductances  to  be  calculated  with  very  great  accuracy  by  using  a  sufficient 
number  of  terms  of  the  series  by  which  they  are  expressed.  We  have 
collected  a  number  of  these  formulae,  extended  some  of  them  to  improve 
the  accuracy,  and  have  compared  and  tested  them  by  numerical  calcula- 
tions.    The  following  are  the  more  important  of  the  formulae  : 

1.  Maxwell's  formula  (extended)  for  coaxial  solenoids  of  equal  length, 
the  inner  having  a  radius  considerably  smaller  than  the  outer,  the  length 
being  several  times  the  diameter  for  accurate  results. 

2.  Roiti's  formula  (extended)  for  coaxial  coils,  the  inner  being  con- 
siderably shorter  than  the  outer.  This  is  a  very  convenient  and  accurate 
formula.     The  proof  is  given  in  the  complete  paper  for  the  first  time. 

3.  Gray*s  formula  for  coaxial  coils  the  length  being  v/3  times  the 
radius  for  both  coils. 

4.  Searle  and  Airey's  formula  for  coaxial  coils,  the  length  of  the  inner 
being  considerably  shorter  than  the  outer. 

5.  Cohen's  formula  for  concentric  coaxial  coils  in  general,  which  is 
used  as  a  test  for  some  of  the  others. 

The  numerical  examples  given  show  what  degree  of  accuracy  is  attain- 
able, and  what  form  of  coils  can  be  computed  by  the  various  formulae. 
The  full  paper  will  shortly  be  published  in  the  Bulletin  of  the  Bureau  of 
Standards. 

*  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society 
April  19-20,  1907. 
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ERRATA. 
Page  310,  seventh  line  from  bottom  omit  the  word  ''find.*' 
Page  317,  eighth  line  from  the  top  read  **  maximum  *'  for  *'  mini' 


mum: 


Page  318,  fourth  line  from  top  read  ''curve,  c*'  for  "curve,  6,** 
and  transmission  curve,  b,''  for  "  transmission  curve  r  "  ;  eighth  line 
from  top  and  fifth  line  from  bottom  read  "curves  a,  b,  c^  for 
*'  curves  b,  c,  d.''     Curve  d  in  Fig.  7  is  curve  c  in  Fig.  6. 
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